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There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.
(Hamlet, act I, scene V)
Introduction
The study of asteroids and comets, collectively known as small bodies,
is nowadays a fundamental tool to understand the formation and the évo
lution of the Solar System since, according to the most accredited theory
(Safronov 1979), they represent the remnants of the building blocks that, 4.6
billion of years ago, formed the Solar System. They experienced an extensive
dynamical and thermal évolution. Still, they contain a record of the origi
nal conditions that had to be présent in the primordial solar nebula, in the
infancy of our Solar System.
A liigh degree of diversity is présent among the physical properties of small
bodies in the Solar System, according to their distance to the sun. Objects
hâve very different sizes. shapes, masses, rotation periods, compositions and
internai structures. The only way to obtain a detailed analysis is to plan a
space mission towards a designated target. In the next years several space
missions will be dedicated to the physical characterization and the return
of samples from primitive asteroids (rendez-vous mission and sample return
mission) or to the study of the nature of an object that would impact with
our planet (mitigation mission).
Due to the great number of small bodies discovered every day (we cur-
rently know more than 675,000 small bodies) there is a great amount of
asteroids which will never be visited by a space mission. In this context
ground-based observations are complementary to space missions: the corn-
parison of the physical characterization of space targets obtained from Earth
and the results obtained in situ will provide the so-called ground truth for
ail the asteroids that will never be visited by space missions. The knowl
edge of physical properties of asteroids to be visited by spacecrafts is also
crucial to optimize the observing procedure during missions, and to plan
spécifie observations of the most interesting régions of asteroid surfaces. In
addition, ground-based observations are nowadays the only way to enlarge
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the sample of asteroids with known physical properties. Currently, less than
10% of small bodies hâve at least some physical properties determined from
ground. For these reasons photometric and spectroscopic surveys dedicated
to the characterization of small bodies are currently undertaken by the main
research organizations and space agencies.
Ground-based physical characterization is fundamental to the choice of
the target for a sample return mission, since for this kind of mission the cost
is extremely elevated and it dépends on the orbit of the chosen object. Less
evolved objects are preferentially selected with respect to thermally evolved
bodies, because primitive objects are expected to contain organic materials.
Until now, only the mission Hayabusa has successfully brought back a sample
of an asteroid on Earth. However, the target of the Hayabusa mission, 25143
Itokawa, was an evolved silicate S-type, the most common among NEAs
(Near-Earth Asteroids) and inner main belt asteroids. Primitive targets, like
carbonaceous C-types, or more evolved, like V-types, are considered more
interesting targets, because they can still host traces of prebiotic molécules
or give us dues on how différentiation processes worked in the initial Solar
System.
For these reasons during my Ph.D. I focused my research on the physical
characterization of two classes of NEAs: i) objects with possible close ap-
proach with the Earth, the so-callecl Potentially Hazardous Asteroids (PHAs)
and ii) NEAs easily accessible for future rendez-vous space missions. For
PHAs, the clerived physical parameters are fundamental to estimate the re-
sponse to non-gravitational forces (mainly the Yarkovsky effect), model the
future dynamical évolution, and assess the mitigation technologies to be used
in case of impact with the Earth. For NEAs suitable targets of a rendez-vous
space mission, the knowledge of the physical properties is needed to guaran-
tee both the technical feasibility and the high scientific return of the mission.
I selected, among the NEA population, several realistic targets for a mission,
leading two observational campaigns of potential targets of future space mis
sions using the Telescopio Nazionale Galileo (TNG, La Palma, Spain) in the
wider framework of the NEO-SURFACE survey1, whiclr is a ground-based
spectroscopic survey dedicated to the physical characterization of NEAs. My
work would be also fundamental in the light of the NEOShield-2 project2,
which is an european project dedicated to the acquisition of information on
1. http://www.oa-roma.inaf.it/planet/NEOSurface.html
2. http://www.neoshield.net/en/index.htm
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small NEAs (50-300 m) and the development of instruments and technologies
for a close approach mission to NEAs.
Moreover I investigated the physical properties of the targets of the Dawn
mission, Vesta and Ceres. The Dawn mission is currently orbiting around
the asteroid Ceres. To provide the necessary ground truth, and look for pos
sible interesting spots to be analyzed in detail, I conducted an observational
campaign at TNG to spectroscopically characterize the surface of Ceres. The
extreme variability found would be helpful to shed light on the recent findings
of possible comet-like outgassing activity on the surface of Ceres (Küppers
et al. 2014), and interpreting Dawn’s observations, arrived in Mardi 2015.
Vesta, a 500 km-diameter differentiated asteroid, présent an unresolved
conundrum. It lias been considered the parent body of the basaltic V-type
material in the Solar System. Recent advances in laboratory studies and
spectroscopic surveys of V-types ail over the main belt pointed out that
Vesta could not be the parent body of ail the V-types in the Solar System.
To this purpose I analyzed visible and near-infrared spectroscopic data of a
large sample of 115 V-type asteroids. Spectral parameters for these objects,
ranked in six groups according to their dynamical properties, were analyzed
in detail to retrieve mineralogy for these objects and establish or exclude a
possible connection between their composition and the Vesta one.
To fully characterize the mineralogy of the supposed parent body of V-
types I also analyzed data retrieved by the Dawn mission, which orbited
Vesta in 2011-2012 collecting almost 30 millions of spectra of the surface. As
a member of the Mineralogical Task Force of the Dawn Team I was in charge
of the mineralogical characterization of two of the 15 quadrangles in which
Vesta’s surface was divided, Bellicia and Floronia. For my analysis I used of
the results of the Geology Task Force, who mapped the geological features
on Vesta and provided a context useful for the mineralogical interprétation.
I also used several maps developed by The Dawn Team (position and depth
of the 1 and 2 fim absorption features, albedo, topography, OH composi
tion) to prodnce a final mineralogical map for Bellicia and Floronia. I also
investigated several interesting features I discovered in the quadrangles, like
the extreme composition on the Mamilia crater, the extension of Rheasilvia
ejecta and the nature of olivine détections.
This thesis is structured in hve main chapters: in Chap. 1 I will présent
an overview on the small bodies of the Solar System, describing their dynam
ical classification, the observing techniques adopted and the previous targets
visited by space missions. In Chap. 2 I will talk specifically about the NEA
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population, since they are an interesting laboratory to investigate the great
diversity présent among the small bodies population. In Chap. 3 in order to
investigate the nature of basaltic asteroids in the Solar System I performed a
statistical analysis on V-type asteroids, traditionally divided into objects dy-
namically linked to Vesta (vestoids) and not linked (non-vestoids). In Chap.
4 I conduct a mineralogical analysis of Vesta, with a particular attention to
the northern régions of this “small planet”, which are the most ancient and
probably better preserved from the huge collisional events happened at the
south pôle. In Chap.5 I will discuss the possible presence of water ice and the
surface variability on Ceres, the other target of the Dawn mission. Finally I
expose my conclusions and future perspectives in the final chapter.
Chapter 1
The small bodies of the Solar
System
The various population of small bodies of Solar System (NEOs, Mars-
Crossers, main belt asteroids, Trojans, Centaurs, TNOs and cornets) are
considered the descendants of the planetesimals, the silicate and ice building
blocks that 4.5 Gy ago formed the Solar System. According to the “Nice
model” (Gomes et al. 2005) the crûrent distribution of small bodies is due to
the planetary migration of the four giants planets (Jupiter, Saturn, Uranus
and Neptune): these planets originally orbited in nearly-circular orbits be-
tween 5.5 and 17 AU, in a more compact and closer-to-the-Sun configuration
than today; the planetesimals extended originally until 35 AU. Due to the
mutual gravitational interactions, the planetesimals were scattered towards
the interior and the outer parts of the Solar System, losing almost the 99% of
its original mass, and creating the distribution of small bodies we see today.
The analysis of the physical characteristics of small bodies can tell us
important dues of the initial conditions inside the protonebula that, 4.5 Gy
ago formed our Solar System. It can also be a powerful tool to characterize
interesting targets of future space missions or possible impactors with our
planet. To hâve the hrst characterization of the physical properties of small
bodies the two most exploited techniques are photonretry and spectroscopy,
from both ground and space-based sensors.
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Ground-based surveys (SMASS1, S30S22, SINEO3, NEO-SURFACE4)
can observe a large nurnber of objects and give a complété vision of the sur
face compositions among different groups of small bodies. Their ac.curacy
dépends however upon the local observational conditions. So, space-based
surveys, like NEOWISE (Masiero et al. 2011) has started to obtain accu-
rate measurements of diameter and albedo for a great nurnber of asteroids.
To completely characterize a body a dedicated space mission is necessary,
especially for possible impactors with our planet.
Only a handful of bodies hâve been visited in the last 25 years. For ail of
the targets of space missions the comparison of data obtained from groimd
and from space is crucial to obtain the so-called “ground truth” for ail the
asteroids which will never be visited by any space mission.
1.1 Dynamical classification
Near-Earth objects (NEOs) are asteroids and cornets with a perihe-
lion q of less than 1.3 AU. They include near-Earth asteroids (NEAs),
near-Earth comets (NECs), a nurnber of orbiting spacecrafts and me-
teoroids large enough to be tracked in space. Their orbital évolution
is chaotic, with a typical lifetime of 107 years (Gladman et al. 1997),
after which they are either ejected from the Solar System or collide
with a planet or the Sun. For this reason, the population is continu-
ously replenished from particular zones in the main belt from where,
through collisions, non-gravitational perturbations and powerful réso
nances, they arrived into near-Earth orbits.
- The original définition of Mars-Crossers as asteroids whose orbit
cross that of Mars was somewhat confusing since, within that clas
sification, lots of NEOs would also belong to the Mars-crossers. Many
institutions, like Jet Propulsion Laboratory (JPL), started to consider
only asteroids with a perihelion q greater than 1.3 AU. Because of the
proximity they are thought to be one of the possible réservoir of NEOs.
Main Belt Asteroids (MBAs): The majority of the ~ 630,000
known small bodies orbits the Sun between Mars and Jupiter, in what
1. http://www.smass.mit.edu
2. http://sbn.psi.edu/pds/resource/s3os2.html
3. http://www.astro.unipd.it/planets/sineo.html
4. http://www.oa-roma.inaf.it/planet/NEOSurface.html
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Figure 1.1: Distribution of semimajor axis for asteroids. The Kirkwood gaps
are reported in correspondence of the mean motion résonances with Jupiter.
is called the main belt. It extends approximately from 2.06 AU (4:1
mean motion résonance with Jupiter) to 3.28 AU (2:1 mean motion
résonance with Jupiter). In this région the accretion of planetesimals
in a large body was prevented by gravitational perturbations of the
proto-Jupiter. Moreover, the strong jovian gravitational field depleted
lots of asteroids in the proximity of the 3:1, 5:2 and 7:3 mean motion
résonances, creating the Kirkwood gaps (Fig. 1.1).
The primitive main belt has undergone a strong collisional évolution,
which yielded the original population into smaller and smaller frag
ments. A resuit of this process was the production of dynamical fami-
lies: asteroids that, after a collision, break partially or completely into
smaller pièces, that share similar orbital éléments (a, e, i). The typical
example is the Vesta family (Williams 1989), thought to be generated
1.5-2 Gy ago after a collisional event on the soutli pôle of the asteroid
(Thomas et al. 1997, Marchi et al. 2012).
Ceres, Vesta, Pallas, and Hygiea, the biggest and the first four asteroids
discovered, account for almost half of the mass of the belt; Vesta, a 500
km diameter body, is also the only large basaltic, differentiated asteroid
discovered up to now. Ceres, the biggest asteroid and the only dwarf
planet in the main belt, is thought to be differentiated, with a rocky
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Figure 1.2: Picture of three known Main Belt Comets (MBC), from Hsieh &
Jewitt (2006).
core and an icy mantle. Recent observations indicate the presence of
water plumes even on the surface of Ceres (Küppers et al. 2014).
Traditionally, objects that formed beyond 4 AU, outside the so-called
snow line, were thought to be the only ones able to accumulate enough
icy volatile materials. With the recent discovery of Main Belt Cornets
(MBCs, Fig. 1.2), the séparation between asteroids, rocky and inert,
and cornets, icy and active, lias become less and less distinct. The exis
tence of MBCs could be a proof of the ubiquitous presence of water in
the Solar System and support the idea that MBCs are possible sources
of terrestrial waters, since the deuterium/hydrogen ratio for classical
cornets is too low (Albaréde 2009).
- TVojans are minor planets that orbit in a 1:1 résonance near one of the
two stable Lagrangian points of a planet, 60° ahead (L4) and behind
(L5) the planet. They are thought to be dark bodies, with reddish,
featureless spectra and no evidence of water, organic matter or other
Chemical compounds on their surfaces. This might be due to the for
mation of a tick irradiation mantle on their surfaces, caused by solar
ions/cosmic rays bombarciment. Currently there are known Trojan
populations at Jupiter (6326), Mars (5), Uranus (1), Neptune (11) and
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Earth (1)5.
- A Centaur is a small body that orbits the Sun between Jupiter and
Neptune and crosses the orbits of one or more giant planets, having for
définition a perihelion q beyond the orbit of Jupiter and a semi-major
axis a less than that of Neptune.
Centaurs form a bridge between populations that résidé closer to the
Sun, like Jupiter Family Cornets (JFCs), and distant group of objects,
like Trans Neptunian Objects (TNOs). As a transition stage between
these families they are often unstable, with a lifetime ~ 106 — 10'
years (Jewitt et al. 2006), after wliich they are ejected from the Solar
System, collide with a planet or evolve into the JFC. Some centaurs,
like 2060 Chiron, show occasionally comet-like activity. It lias recently
been shown that the Centaurs Chariklo (Braga Ribas et al. 2014) and
Chiron (Ortiz et al. 2015) possess ring Systems. From the analysis of
their colour indices it seems that two distinct groups are présent, one
very red, like 5145 Pholus, and one with fiat spectra, like 2060 Chiron.
It is still under debate whether this appears to be a real différence in
the composition or if it is due to a different degree of surface alteration
processes, like the combined effects of weathering and cometary-like
activity.
A Trans-Neptunian Object (TNO) is any minor planet which orbit
around the Sun with a semimajor axis greater than that of Neptune
(a > 30.1 UA). After been downgraded to a dwarf planet, Pluto has
become de facto the first TNO discovered in 1930. The second one
was 15760 1992QB1 in 1992 (Jewitt et al. 1992). These bodies are
thought to be the more pristine réservoir of material in the outer Solar
System, since they are believed to hâve suffered none, or little évolution
since their formation about 4.6 Gy ago. They frequently show in their
spectrum signatures of water ice, methane, methanol features and other
hydrocarbons compounds.
According to the distance from the Sun and their orbital parameters,
they are dynamically classified as (see also Fig. 1.3):
Résonants objects that lie in one of the many mean motion réso
nances with Neptune. Nevertheless the most populated one is the
3:2, which hosts Pluto among others.
- the Scattered disk contains asteroids farther from the Sun, generally
5. http://www.minorplanetcenter.net/iau/lists/Trojans.html
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Figure 1.3: Schematic illustration of the nomenclature for outer small bodies.
From Sheppard (2010).
on very elliptical and high inclination orbits (Gladman et al. 2008).
One of these object is for example the most massive and distant TNO
136199 Eris.
- Detached objects are TNOs well beyond Neptune’s gravitational in
fluence, but still in the Solar System gravitational pull, inside the
Oort cloud (a 2000 AU). They hâve generally large eccentricities
(e > 0.24).
Classical objects are the remaining non-resonant, non-scattering, low-
e TNOs, like 15760 1992QB1, 50000 Quaoar and 136472 Makemake.
They orbit on almost circular orbits, unperturbed by Neptune. Sev-
eral authors (Gladman et al. 2008) believed that the actual disposi
tion of classical objects are due to the superposition of two different
populations: one, called the hot population, formed elsewhere in the
Solar System and was ejected outward during the final stages of plan-
etary formation; these objects hâve generally high inclinations and
fiat spectra. The cold population instead formed beyond Neptune’s
orbit, having low-inclination and more reddish spectra.
Dwarf planets were defined in 2006. to indicate bodies massive enough
to be rounded by their own gravity but that aren’t the dominant body
of the région. After the discovery of several large TNOs Pluto lost its
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status of planet to become, together with Ceres in the asteroidal belt,
the first defined dwarf planets. At the moment five bodies are larger
enough to be classified as dwarf planets: Ceres and four TNOs in the
outer Solar System (Pluto, Haumea, Makemake and Eris).
Cornets are icy bodies orbiting far away from the Sun, beyond the or-
bit of Neptune. Traditionally, tliey hâve been divided into short-period
and long-period cornets, with the first coming from the Edgeworth-
Kuiper belt (T < 200 yr), while the latter are thought to be originated
from the Oort cloud (T > 200 yr), a spherical réservoir of icy material
extended for thousands of AU, till the nearest stars. Cometary nuclei
are composed from a mixture of rock, dust, water ice and several gases
(ammonia, carbon dioxide), the so-called dirty snowball rnodel, from
Whipple et al. (1950). When they pass towards the Sun they began
to outgass, forming the coma and the typical tails, the yellowish dust
one and the bluish gas trail. However, after many perihelion passages
cornets tend to lose ail of their volatiles and could resemble inactive
asteroids. Several organic compounds has been detected on cometary
surfaces (methanol, formaldéhyde, even glycine, an arnino acid), mak-
ing them suitable candidates for the delivery of life on Earth.
1.2 Observing techniques
There are several observational techniques that can be adopted to infer
the mineralogical, and sometimes the dynamical properties, of the airless
bodies of the Solar System. The correct characterization of the surface com
position can give us dues to the original structure and the évolution of minor
planets throughout the history of our planetary System. Nevertheless, for ail
those bodies with a non-zero impact probability with Earth, it is very im
portant to assess their surface composition, since it is widely believed that
a correct mitigation strategy of hazardous objects strongly dépends on the
physical properties of the impacting object. The two most exploited tech
niques I used to characterize the surface of a small body are photometry and
réflectance spectroscopy.
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1.2.1 Photometry
Photometry is a technique concerning the measurement of the flux of the
electromagnetic radiation of an astronomical object. Using a CCD caméra,
the observed signal from a point source is smeared over many pixels accord-
ing to the point spread function (PSF) of the System, with the broadening
mostly due to the optics of the System and the atmospherical seeing. Instru
mental magnitudes are then measured via aperture photometry, integrating
the source from the centre with a growing radius, paying attention to prop-
erly subtract the sky contribution. Finally, several standard fotometric stars
(Landolt 1992) are needed to couvert instrumental magnitudes into standard
magnitudes.
With photometric data we can retrieve some physical properties of the
observed target: photometric colors can be useful to constrain the surface
composition, especially for objects too faint to be spectroscopically observed,
classifying objects into different groups that can reasonably belong to differ
ent composition and/or who hâve suffered a different évolution. However
they cannot provide a firm constraint since they dépend on scattering ef-
fects, in particular the presence of regolith and the viewing geometry. The
magnitude measured at different epochs (light curves) provide information
on the rotational period (Harris et al. 1989), the orientation of spin axis, the
large scale shape of the observed target and density, assuming the body cohe-
sionless and strenghtless (a fluid body). Measuring magnitudes at different
phase angles a we can compute phase curves, in which the slope parameter G
is strongly dépendent on the surface’s albedo. And once the albedo is known
we can estimate obiects’diameter through the relation found by Tedesco et
al. (1992):
D =
1329 x HT0-2"
(î.i)
where H is the magnitude of the object at 1 AU and a — 0° and p the
visual albedo.
1.2.2 Réflectance Spectroscopy
Historically, spectroscopy originated from the study of visible light dis-
persed by a prism, according to its wavelength. It is nowadays broadly used,
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together with near and mid-infrared spectroscopy, to characterize the miner-
alogy of the surfaces of small bodies. In the visible and near-infrared (VNIR)
range (0.4 - 2.5 /im.) thermal émission is for most bodies negligible, and re-
flected sunlight is often diagnostic for mineralogical composition, due to the
presence of absorption bands originated frorn the interaction between incident
sunlight and surface material; these bands are induced via vibrational and
electronic transitions, and they are représentative of a minerai or molecular
species. In the mid-infrared the Reststhralen features and the Christiansen
peak are often diagnostic for molecular abundances and the grain size of the
surface.
The composition of an object can be inferred via spectroscopic observa
tions with several techniques. A taxonomy classification can provide a first
approximation of the surface composition (Fig. 1.4). Spectral parameters
are also widely used in literature since they are diagnostic to infer miner
alogical properties: band centres, band depths, band widths and band areas
are the most commonly used. Spectra of asteroids can also be deconvolved
into single components by applying a spectral unmixing tool. Nevertheless,
the deconvolution of a spectrum in its original components is far from being
unique, since spectral features of different materials combine in a non-linear
way.
A more comprehensive analysis of the surface composition can be ob-
tained by calculating a synthetic spectrum based on radiative transfer models
and laboratory computation of optical constants. The optical constants of a
material n and k are the real and the imaginary part of the complex refractive
index h = n + ik, where n is the usual refractive index, and k describes the
damping of the electromagnetic wave in that particular material. The two
major théories developed to model surfaces of airless bodies are from Hapke
(1993) and Shkuratov et al. (1999). Starting from the physical properties of
individual components it is possible to détermine the spectrum or the albedo
of a medium. In the Shkuratov approach the phase function is calculated
and there is a limited number of free parameters (relative amounts, optical
constants, grain size); in the Hapke model there are more constraints, in-
cluding phase function, wliich is given as a parameter. Both formulations
contcinplate different degrees of mixing material, from molecular inclusions
in a medium to intimate mixtures (the so-called sait and pepper).
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Figure 1.4: Schematic illustration of asteroids and meteorites spectra in a)
visible and near-infrared (VNIR) range and b) rnid-infrared (MIR) range.
In the VNIR range it is possible to see for V-types the two deep 0.9 and
1.9 \im absorption bands, typical of pyroxene. In the MIR range are visible
the Christiansen peak (C) and the Reststhralen feature (R). Adapted from
Barucci et al. (2002).
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1.3 Ground interprétation
1.3.1 Taxonomy
From the initial studies on asteroids in the late ’70s several taxonomies
hâve been proposed, with the intent to classify and regroup objects who share
common observational properties (albedo, spectral behaviour, photometric
colors). Chapman et al. (1975) proposed the first classification based on
spectral réflectance properties, dividing asteroids in carbonaceous C-types
and silicate S-types.
Based on the combined Eight Colors Asteroid Survey (ECAS) and IRAS
albedo dataset, a very robust taxonomy using a clustering algorithm was
proposed by Tholen (1984). Tholen identified fourteen classes: other than
the C and S-types, Tholen added six new classes (A, B, D, F, G, T); X class
shows featureless spectra and could be identified only when albedo data were
available (E, M, P); finally three objects didn’t fit in a class and were assigned
a unique classification: Vesta (V), Dembowska (R) and Apollo (Q).
Bus & Binzel (2002), based on data taken with the second phase of the
Small Main belt Asteroid Spectroscopic Survey (SMASSII), create a new
taxonomy, which defines a total of 26 classes. They attempt to preserve the
historié structure and the spirit of previous taxonomies, as well to define new
classes solely on the presence (or absence) of absorption features in visible
spectra. The taxonomy was then extended to the infrared (DeMeo et al.
2009), accounting for a total of 24 classes (Fig. 1.5). The C, S and X-
class now contain a number of subclassifications, which dénoté the transition
from different Tholen classes: an Sq-type, for example, show an intermediate
spectrum between an S and a Q-type.
The taxonomie classification allow us to establish a plausible surface com
position of the considered asteroid, hence to put some constraints on the
original location of that asteroid in the main belt. It is in fact known that
a compositional gradient existed in the protosolar nebula, and the actual
distribution of asteroid taxonomie classes is a function of the heliocentric
distance (DeMeo & Carry 2014). This guess is strengthened by the associ
ations found, on the basis of their spectra and albedo properties, between
different taxonomie classes and petrologic types of meteorites.
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Figure 1.5: The 24 final taxonomie classes of the Bus & DeMeo classification.
From DeMeo et al. (2009).
1.3.2 Asteroide-meteorite connection
The majority of meteorites found on Earth are thought to corne from
the asteroidal belt, since only 300 over almost 60.000 known meteorites are
classified as lunar or martian6. The comparison of spectral behavior and
absorption features of asteroids spectra and meteorites spectra is a powerful
diagnostic technique to provide info on the composition and even the thermal
history suffered by asteroids and NEAs. It is widely known in fact that
similar spectra tend to correspond to a similar composition, suggesting that
asteroids and meteorites with the same spectral features hâve experienced
an analogue évolution history. Finding a connection between asteroids and
meteorites can also be useful to establish a dynamical connection. Meteorites
who share a similar composition are thought to corne from the same parent
body, hence they can be used as a proxy to investigate the distant surface of
their parent body.
A meteorite analogue has been proposed for several taxonomie classes, al-
though it seems that there is more diversity among asteroids than meteorites,
implying that not ail taxonomie groups are well represented in the meteorite
database. This could be due to sélection effects: it is very difficult to deliver
a meteoroid from the outer main belt, where P and D-types are most eas-
6. http://www.lpi.usra.edu/meteor/metbull.php
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Figure 1.6: The plot of a typical spectrum for an S-type asteroid, an H
chondrite and several S-type NEAs, from Binzel et al. (1996). The effect of
space weathering is to redder the 0.4-0.7 /ira slope and lower the band depth,
making chondrite assemblages more similar to S-type asteroids.
ily found, into orbits in the proximity of our planet; hence there is still no
meteorite analogue for these classes. In addition, objects with less cohésion
strength could be completely fragmented entering the Earth’s atmosphère,
causing an under-representation of these particular types.
For many years the main problem was to find the parent body for the
most abundant meteorites on Earth, the ordinary chondrites, that are well
represented by the not so common Q-types. Binzel et al. (1996) showed that
S-type NEAs hâve an intermediate spectral behavior between S-types and
ordinary chondrites (Fig. 1.6), and suggested that this could be due to an
effect of different particle size or a time-dependent surface alteration process,
due to micrometeorites and heavy ions bombardment, generally called space
weathering. The global effect was indeed to redden the spectra and lower
the depth of silicate bands around 1 /ira, making chondrites more similar to
the common silicate S-types. The analysis of the sample returned to Earth
by the mission Hayabusa on the S-type asteroid Itokawa confirmed BinzePs
idea, ending the 30-years S-type conundrum.
It was also found a good agreement between spectra of C-complex aster
oids and carbonaceous chondrites, M-types and iron meteorites, and V-types
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and basaltic achondrite meteorites, collectively known as HED meteorites.
It is important to notice that comparisons between asteroid and meteorite
spectra must be done carefully, because a range of variation in laboratory
spectra can arise, due to different observing geometries, grain size and even
température effects, although these phenomena normally do not significantly
affect the band position, which are diagnostic for surface composition and
comparison with meteorites.
1.4 Asteroids visited by space missions
Since 1990 only a handful of asteroids hâve been visited by spacecrafts
(Fig. 1.7). Some of them were the opportunity target of other space mis
sions, and had their closest encounter at thousands of km, like 2685 Masurski
visited by Cassini or 9969 Braille visited by Deep Space 1. For ail the visited
asteroids physical properties were studied: size, shape, rotation period, axis
orientation and general surface properties. Sometimes, estimations of aster
oid masses frorn gravitational perturbations on spacecraft’s trajectories are
possible. Often, poor estimations of their volumes is extracted from imaging.
Finally loose estimations of bulk clensities can be inferred.
Gaspra was the first asteroid to be ever approached by a spacecraft in
1991. It was visited by Galileo, on his journey to the jovian System. It
seems to be a S-type very rich in olivine, with no prominent color and albedo
variations, suggesting a thin regolith layer. The low cratering rate suggests
an approximate âge between 20 and 300 million years (Veverka et al. 1994).
Fiat surfaces and grooves of 100-300 m may be related to the asteroid’s
formation from the collision that generated the Flora family, and also suggest
a monolithic structure (Stooke 1996), rather than a gravitational aggregate
(rubble-pile).
In 1993 Galileo visited a second main belt asteroid, 243 Ida, and discov-
ered its moon Dactyl. It is thought to hâve formed from a re-accumulation
of ejected material from Ida, and hâve an âge of 150-200 Myr, while Ida,
heavily cratered, is supposed to be younger than 1 Gyr old (Belton et al.
1996). Ida’s density, constrained by the long-term stability of Dactyl’s orbit,
is believed to be less than 3.2 g/cm3 (Belton et al. 1994), in agreement with
an S-type composition. Images taken by Galileo led to discovery that freshly
exposed material were less altered by space weathering phenomena, while
older régions became redder in colors with time (Veverka et al. 1996).
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The NEAR-Shoemaker mission was the first one ever designed to perform
a rendez-vous with the asteroid 433 Eros. On its journey to Eros the space-
craft fiew-by the C-type 253 Mathilde in 1997. On its closest approach, at
1212 km, the spacecraft captured over 500 images of one side of the target;
volume computed from images and mass from gravitational perturbations
yield a density of 1.3 g/cm3, less than a typical carbonaceous type. This
might indicate a porous, rubble-pile structure. Nevertheless the existence
of a 20-km long scarp, and of craters comparable with the asteroid’s ra
dius (Ishikari and Karoo are respectively 29 and 33-km long) might indicate
Mathilde is not strengthless after ail, otherwise it would hâve been disrupted.
In 2000, NEAR-Shoemaker orbited around 433 Eros, an S-type asteroid
with an elongated shape. There is a large number of boulders and rocks, be-
lieved to hâve been ejected from single collisional event on the crater Slioe-
maker approximately 1 Gyr ago (Thomas et al. 2001). Originally it was
thought that the absence of small craters < 0.5 km was due to ejecta filling
and eventually erasing small craters. Nowadays it could be interpreted as an
effect of the combined low gravity of the asteroid and the seismic shaking,
that ultimately turn small craters into rubble. A statistical analysis of crater
densities indicate that less cratered areas are within 9 kilometers from the
Shoemaker impact point. The mission was ended with a controlled descend
on Eros surface. Results from the X/Gamma-Ray Spectrometer (XGRS)
indicate low alluminium abundances, and a more chondritic composition,
suggesting a non differentiated body.
Hayabusa was the first sample return mission on an asteroid. It reached
the NEA 25143 Itokawa in 2005 and started to collect data through a com
plété tomographie and spectroscopic analysis. It emerged that Itokawa lias
two distinct parts: one rough and filled with boulders, the second smooth
and covered with regolith. The séparation région corresponds to a minimum
of the gravitational potential. The surprising lack of craters and the low den
sity (1.9 g/cm3) suggest a rubble-pile classification. Rccent works (Lowry et
al. 2014) confirmed that Itokawa is composed of two separate bodies with
very different bulk densities. The collection sample succeeded at its second
attempt and the laboratory analysis confirmed that Itokawa either formed
from a disruption of a larger body or from the merger of two separate bodies.
Itokawa’s composition was also found to match the composition of ordinary
chondrites. A small color différence is présent among the surface, but no
mineralogy diversity has been found.
The Rosetta mission, on its way to the cornet 67P/Churyumov - Gerasi-
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Figure 1.7: A global view in scale of ail the asteroids visited by space missions
until now.
menko, visited two main belt asteroids. In 2008 Rosetta successfully made a
7-minutes close encounter with 2867 Steins, a diamond-shaped asteroid with
a rétrogradé rotation period of six hours. Steins, an asteroid with a mean
diameter of 5.3 km, is dominated by a large 2-km crater on the Southern pôle,
wliich surprisingly did not destroy the asteroid. From images taken by the
space probe it is also visible a chain of seven craters roughly similar in size
extending southward, which are thought to be connected with the formation
of the main crater. From hydrocode simulations, the distribution of craters
larger >0.5 km match an estirnated âge for Steins of 154 ± 35 Myr, less than
the average collisional lifetime of 2.2 Gyr for an asteroid of Steins’size (Keller
et al. 2010). Both albedo (0.40) and slope parameter G (0.45) are compatible
with an E-type classification made from ground-based observations (Küppers
et al. 2009), and the visible spectrum is somewhat red, with a drop-off in
réflectance in the UV région, typical of low-iron minerais. There is also no
color variation, suggesting a homogeneous composition and no évident sign
of space weathering.
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Rosetta’s closest approach with 21 Lutetia occurred on July, lOth 2010, at
3168 km. The 462 obtained images of Lutetia’s surface show a complex geo-
logical history (Thomas et al. 2012), with craters, grooves, landslides, scarps
and unusual features. The higly cratered surface is dominated by the massive
55-km Massilia crater, which probably disrupted part of the asteroid. Low
values of thermal inertia and depth/diameter ratio suggest a thick regolith
layer, varying from fine dust to boulders of ~ 200 m (Schulz et al. 2012). No
color variation was found overall, except in the young Baetica région; varia
tions in albedo were measured in some areas, implying different composition,
space-weathering areas or grain size variability. The spectrum appears fea-
tureless, with no silicate or organic bands up to 2.5 /im (Barucci et al. 2012).
It is noteworthy to underline that the fast fly-by didn’t represent the optimal
condition for imaging/spectroscopic analysis, and that only half of the total
surface was covered (approximately the northern hemisphere), leaving nowa-
days an ambiguous composition for Lutetia: ground-based observations hâve
suggested a possible C-type or M-type classification, although Lutetia’s sur
face shows properties analogue to the enstatite chondrites, which are thought
to corne from E-type asteroids.
The Dawn mission visited in 2011-2012 the main belt asteroid 4 Vesta,
orbiting around it for almost a year. The most prominent features are ridges,
grooves, scarps and craters, with the équatorial grooves of ~ 10-km wide and
two large impact craters around the Southern pôle of Vesta, named Rheasilvia
and Veneneia, thought to be the origin of the known Vesta’s family (Thomas
et al. 1997, Marchi et al 2012). There is also a strong dichotomy between
northern and Southern hemispheres: while the former is heavily cratered, the
latter shows less small size craters, probably erased by the impact events that
generated Rheasilvia and Veneneia. The Visible and InfraRed spectrometer
on-board the Dawn mission (VIR, De Sanctis et al. 2011a) confirm ground-
based spectroscopic observations of a basaltic composition, suggesting Vesta
is a differentiated body. Although globally Vesta’s composition is made of
pyroxene, small local variations are présent, typically in the position and
depth of the two pyroxene bands around 1 and 2 //,m. There are strong
évidences that dark spots, found even on craters’walls and rims, are the
residuals from carbonaceous impactors that has to be common in the past of
Vesta; they globally mixed on its surface during countless impacts, lowering
its albedo. Vesta and its mineralogy will be discussed in detail in Chapter 4.
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Chapter 2
Near-Earth asteroids
The NEA population comprehends asteroids in orbits with perihelion dis
tances q<1.3 AU, which periodically approach or intersect the Earth’s orbit.
Due to their short dynamical lifetimes (107 years, Gladman et al. 1997),
NEAs must be continuously replenished from major small bodies réservoirs,
identified mainly in the asteroid main belt, therefore they represent a transi-
tional class. More than 12000 NEAs of ail sizes are currently known, although
the entire population is supposed to contain slightly more than 1000 objects
with diameter larger than 1 km and hundreds of thousands greater than 100
m (Stuart & Binzel 2004).
The most important characteristic among them is the high degree of di-
versity in terms of physical properties: some objects hâve very elongated
shapes, others hâve complex, non-principal axis rotation States (tumbling as
teroids), very long and very short rotational periods are observed, and even
binary and ternary Systems are known. NEA diversity is also emphasized by
the different taxonomie types found within the population (Fig. 2.1) that
give some hints about their origin and composition: E-type objects show
an origin signature from the inner asteroid belt, C-types from the mid to
outer belt, and P-types from the outer belt; S- and Q-types hâve similar
main-belt source région profiles, and probably related origins; D-types show
similarities with Jupiter family cornets. The knowledge of the Chemical and
mineralogical composition of NEA surfaces could give us some insights into
the processes that governed the formation and the évolution of our planetary
System and put constraints on the material in the protoplanetary nebula at
different solar distances. Unfortunately, our knowledge of the structure and
composition of NEAs is still rather limited, since less than ~ 10% of the
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Figure 2.1: The distribution of the different taxonomie classes in the main
belt is correlated with distance from the sun, as seen in this figure frorn Lang
(2010). E and S-types are more common in the inner main belt and among
NEAs, while C-types are found in the middle to outer main belt and P and
D-types are preferentially in the outer régions of the main belt.
known NEAs hâve spectral types determined from observations.
The study of the physical nature of NEAs is also compelling in view of
the potential hazard posed to our planet. NEAs are responsible for most
meteorite falls (like the Chelyabinsk event in 2013) and for the occurrence of
occasional major catastrophic impact events (like Tunguska in 1908). The
physical characterization of NEAs is essential to define successful mitigation
strategies in case of possible impactors. In fact, whatever the scénario, it
is clear that the technology needed to set up a realistic mitigation strategy
dépends upon the knowledge of the physical and dynamical properties of
the impacting object. NEAs can also be suitable targets for rendez-vous and
sample return missions. They represent very interesting targets for any space
agency and private company because, in the last fifteen years, missions to
NEAs hâve been proven to be feasible and economically viable.
Space missions hâve already visited the NEAs 433 Eros and 25143 Itokawa
(see Chapter 1), and in the next decade several missions hâve been planned
to the characterization of the surface and the recovery of samples from two
C-type NEAs: Hayabusa 2 (Yoshikawa et al. 2012), the continuation of the
mission which returned samples from the asteroid Itokawa, would reach the
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NEA 162173 1.999JU3 in 2018, while the sample return mission OSIRIS-REx
(Drake & Lauretta 2011) will arrive at 101955 Bennu in 2019. An ESA
sample return mission is currently under study to visit a more primitive D-
type NEA. A dedicated space mission is a powerful tool to deeply characterize
an asteroid. Unfortunately, to hâve a comprehensive view of the diversity
among NEAs, it is essential to characterize a large number of asteroids, which
of course is not possible due to the limited budget and time available. For
this reasons in the last décades several ground-based surveys were developed,
in order to obtain the physical characterization on a large number of bodies
which will never be visited by space missions. As a mernber of the NEO-
SURFACE survey I focused my research on the characterization of two classes
of NEAs: objects with a possible close approach with Earth (PHAs) and
easy-accesible NEAs for future rendez-vous missions.
2.1 PHAs: Potentially Hazardous Asteroids
A PHA, defined as an object with an absolute magnitude brighter than
H = 22 (roughly a diameter greater than 140 ni) and a Minimum Orbital
Intersection Distance (MOID, the distance from Earth’s orbit at its closest
approach) < 0.05 AU, can cause destruction on local, régional or global scale.
There are several évidences of previous impacts occurred in the past, the
most famous one being the Chicxulub crater in Mexico where, 66 million
years ago, a 10-km diameter asteroid caused the last mass extinction (the
K-T event). The Tunguska event, that happened in Siberia in 1908, was due
to the air-burst of an object of 50 m at a height of 5 - 10 km, and devastated
a forest for 2000 square km. The recent Chelyabinsk event in February 2013
shows that even an object of ~ 20 m can produce considérable damages to
people and structures due to its explosion in the low atmosphère, and prove
that these impactors represent a well-known threat to our civilization even
today.
The statistical risk from asteroid impacts is quite low, compared to other
natural hazards to mankind, although it is not totally negligible. Stuart &
Binzel (2004) calculated that global destructive collisions (with an impact
energy of about 1021 J) of asteroids > 1 km strike the Earth once every 0.6
±0.1 Myr on average. Régional destructive collisions with impact energy
greater than 4 xlO18 J (about 200 m diameter) strike the Earth every 56000
± 6000 yr. Collisions in the range of the Tunguska event (4-8 xl01G J)
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occur every 2000 - 3000 years.
To date, more than 1500 PHAs hâve been discovered, with the coordi-
nated efforts of national and international spac.e agencies and research orga-
nizations centres to discover ail the threatening objects, refine orbital prop-
erties of the already discovered ones and physically characterize the ones
with a non-zero probability of impacting Earth. A high degree of diversity
in terms of composition and spectral properties is présent arnong the PHA
population, with compositions ranging from siliceous to carbonaceous, from
basaltic to metallic, implying also completely different internai densities and
strengths. The technology needed to set up a response to a threatening
object strongly dépends upon the knowledge of the physical properties of
the impactor; however, less than ~ 15% of PHAs discovered hâve physical
properties determined1 from ground-based observations helpful to the cor
rect définition of a successful mitigation strategy (e.g. size, shape, rotation
period, color indexes, taxonomy class). The mitigation in this case represents
ail the efforts finalized to constrain the impact risk and the minimization of
the potential damages on Earth.
For example, classifying an object as a silicate S-type or a more porous
carbonaceous C-type is very different for a kinetic impactor mitigation mis
sion (Rathke & Izzo 2007), where the orbit of the impactor is slightly changed
thanks to a momentum transfer imparted via a spacecraft collision at high
velocity (~ 10 km/s). In the C-type case, the high porosity of the asteroid
causes the stress-waves produced by the impact to collapse the pore spaces,
and only in part to actually deflect the asteroid (Holsapple & Housen 2012).
Therefore we need to characterize the largest number of these threatening
objects, especially those with a diameter > 1 km, which can cause global
extinction.
2.2 Low Delta-V
Missions to NEAs hâve been proven to be both technically feasible and
financially viable on a low budget, making them particularly interesting
for both national space agencies and private companies (Zimmer & Messer-
schmid 2011). Their periodic approach to our planet and their permanence
most of the time well inside inner planetary orbits make them favorable tar-
gets for fly-by and/or rendez-vous missions.
1. http://earn.dlr.de/nea/tablelnew.html
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Figure 2.2: The AV needed to be applied to reach outer (on the left) and
inner Solar System planets (on the right), together with the main belt and
Jupiter. Open circles are the Ai/ requirements for rendez-vous missions and
filled dots for fly-by missions. The upper limit, 12.3 km/s, represents the
escape velocity from the Solar System for a terrestrial spacecraft (Gurzadyan
1996), while for rendez-vous mission the maximum value of ~ 16 km/s is
reached at 15.58 AU, then it tends to the same 12.3 km/s limit. From
Perozzi et al. (2001).
A rendez-vous mission is obviously preferred, since extended observations
in time would allow a correct and detailed investigation of the surface ge-
ological features (gullies, craters, ridges, troughs, etc...) and the study of
the surface composition, with hints on the composition of the possible at
mosphère. With the analysis of gravitational perturbations, induced on the
spacecraft trajectory, it is also possible to measure the asteroid mass, cal-
culate the density and give a plausible estimation of its internai structure.
Furthermore tliis kind of mission is the first step towards the design of a sam-
pie return mission. In some cases a rendez-vous mission with a NEA can be
more challenging compared to a simple fly-by mission, and more demanding
in terms of energy requirements tlian reaching Venus or Mars, and in some
cases even Mercury or Jupiter (Perozzi et al. 2001).
The choice of the target for the next-generation sample-return mission
must be done carefully, trying to maximize the scientific return/cost ratio.
Normally, the scientific community choose several candidates based solely on
tlieir scientific relevance, choosing more primitive NEAs to thermally evolved
asteroids, since they can contain a record of the original conditions in the
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solar protonebula, and they could hâve preserved traces of prebiotic material,
with a great repercussion in the astrobiology field. Binary asteroids are also
preferred, with the possibility to maximize the scientific return, visiting two
(or more) asteroids at the cost of one. These interesting candidates are
then examined by the engineering counterpart, looking for their technical
feasibility. It’s not rare that asteroids with a high scientific return do not
match these requirements.
To select a target with a high scientific return and in the meantime be sure
of the feasibility of a space mission towards it, a parameter which define the
target’s accessibility must be selected. To hâve an idea of their accessibility
one can use classical orbital transfer algorithms, like the Hohmann transfer
formulation, which describes the basic scénario of moving an object from
one circular orbit to another, both of them orbiting around a central object.
This algorithm is usecl to retrieve the delta-V (Al/), the velocity change
needed to be applied to an already free-flying spacecraft to reach a target
asteroid at a given semi-major axis a (Shoemaker & Helin 1978, Perozzi et
al. 2001). A graphie représentation can be obtained on a plot with the
increasing semimajor axis and the | Af/| magnitude: the two V-shape curves
in Fig. 2.2 mark the Al/ requirements for a Hohmann apocentre raising
(corrresponding to minimum-energy fly-by) and circularization (for rendez-
vous) at any heliocentric distance. The lower the Al/, the easier is the target
to be accessed, and consequently the shortest the mission duration and the
fuel consumption.
2.3 Observations and data réduction
During my Ph.D. I focused on the search of interesting targets for fu
ture close approach, sample return and mitigation missions, investigating
the surface composition and mineralogy of PHAs and low delta-V (Al/). I
led two observational campaigns at the Telescopio Nazionale Galileo (TNG),
located at the Roque de los Muchachos Observatory in La Palma, Canary
islands (Spain). During two nights of observations, in December 2012 and
January 2013, I observed 8 PHAs and 2 low AV ( AV < 10.5 km/s). Spec-
tra were acquired using the DOLORES detector (Device Optimised for the
LOw RESolution), with the low resolution blue (LR-B) grism, spanning the
0.38 - 0.81 gm range, and a 2 arcsec slit width, oriented along the parallac-
tic angle to reduce the effects of atmospherie differential refraction. Spcctra
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of solar analogs were also acquired using the same instrumental configura
tion. The observational conditions for PHAs and low AV are reported in
Table 2.1. These observations were performed in the framework of the NEO-
SURFACE survey2 (Near Earth Objects - SURvey oF Asteroids Close to the
Earth), which is a survey coordinated by the planetology group at INAF -
OAR (Astronomical Observatory of Rome) dedicated to the investigation via
photometric and spectroscopic observations of near-Earth objects.
I performed data réduction with the software package ESO-Midas us
ing standard procedures, as described in Dotto et al. (2006), and Perna et
al. (2010). The basic procedure for converting raw flux measurements to
réflectance spectra started with médian bias subtraction and flat-field cor
rection. Then, 2-D spectra were collapsed into mono-dimensional spectra,
integrating the flux along the spatial axis, with an aperture radius gener-
ally between 1.5 and 2 FWHM and subtracting the sky contribution. Spec
tra were then calibrated in wavelength by identifying different spectral fines
frorn Ne-Ar and He-Ar calibration lamps, and corrected for extinction by
applying an extinction correction for each different site. The reflectivity was
obtained by dividing the spectrum of each asteroid by the one of the solar
analogue (usually the one with the closest airmass of the object). Spectra
were smoothed by a median-filtering technique where, within a ten-pixel box,
the original value was replaced by the médian one if the two differed by a set
threshold of 10%. Finally spectra were normalized at 0.55 iim.
To better constrain taxonomie classification and comparison with mété
orites I combined rny visible spectra with infrared data, when available, of the
MIT spectral catalog3, which comprehend both spectra from the SMASS sur
vey and the MIT-UH-IRTF Joint Campaign for NEO Reconnaissance. The
combination was obtained by overlapping the common wavelength région be
tween our spectra and the MIT data, and retrieving the normalization factor
using good atmospheric transmission zones, following standard procedures
(Fornasier et al. 2008).
2.4 Taxonomie classification and meteorite links
I added the spectra of the 10 NEAs that 1 observed and reduced with
unpublished spectra for 18 NEAs collected by the NEO-SURFACE team
2. http://www.oa-roma.inaf.it/planet/NEOSurface.html
3. http://smass.mit.edu/catalog.php
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Table 2.1: Observational circumstances for PHAs and low AV asteroids.
Object, AV
(km/s)
Date Telescope/
Instrument
Spectral
range
Texp
(s)
Airmass Solar Analogue
(airmass)
4450 Pan 20/12/12 TNG -•DOLORES V 2400 1.1 HIP49580 (1.0)
153958 2002AM31 20/12/12 TNG --DOLORES V 1800 1.2 SA115-271 (1.1)
163899 2003SD220 20/12/12 TNG --DOLORES V 300 1.4 HIP49580 (1.0)
203471 2002AU4 10.025 20/12/12 TNG --DOLORES V 780 1.2 SA 115-271 (1.1)
214869 2007PA8 20/12/12 TNG -•DOLORES V 1200 1.3 HIP49580 (1.0)
277127 2005GW119 6.063 20/12/12 TNG -•DOLORES V 1800 1.2 SA 115-271 (1.1)
350751 2002AW 20/12/12 TNG -DOLORES V 2400 1.0 HIP49580 (1.0)
1994XD 20/12/12 TNG -DOLORES V 1800 1.3 SA115-271 (1.1)
2010BB 18/01/13 TNG --DOLORES V 600 1.2 HIP44027 (1.2)
2012VF37 20/12/12 TNG --DOLORES V 300 1.0 HIP49580 (1.0)
Figure 2.3: VNIR spectra of C-complex asteroids 13553 Masaakikoyama and
S-complex type 5011 Ptah, together with the spectra of the meteorite groups
that better mimic diagnostic spectral features and the general spectral be-
havior: CM carbonaceous chondrites for 13553 and LL-ordinary chondrites
for 5011. In order to better constrain the best meteorite analogue for 13553 I
combined the reduced visible spectra with the NIR spectrum made available
by the MIT-UH-IRTF Joint campaign for NEO Reconnaissance. The spectra
are normalized at 0.55 /im and shifted by 1 in réflectance for clarity.
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Figure 2.4: Visible spectra of C-complex asteroids 203471 2002AU4 and
350751 2002AW with their meteorite analogues; for 203471 I combined the
reduced visible spectra with the NIR spectra made available by the MIT-UH-
IRTF Joint campaign for NEO Reconnaissance. The spectra are normalized
at 0.55 /im and shifted by 1 for clarity.
Figure 2.5: NIR spectra of S-complex asteroids 85804 1998WQ5, 138883
2000YL29, 145656 4788P-L, 2004FZ1 and 2004TD10 with their meteorite
analogues. The spectra are normalized at 1.25 pra and shifted by 1 for
clarity.
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Figure 2.6: VNIR spectra of S-complex asteroids 143651 2003Q0104, 163899
2003SD220 and 2012VF27 with their meteorite analogues. For 163899 I
combined the visible spectra with the NIR data available in the MIT-UH-
IRTF public database. The spectra are normalized at 0.55 /ira and shifted
by 1 for clarity.
in several observational campaigns between 2004 and 2007, creating a final
sample of 28 NEAs reported in Table 2.2. To assess the taxonomie class
of the 28 targets I performed a y;2 best-fit method between the collected
spectra and the most représentative one of each class of the Bus-DeMeo
taxonomy (DeMeo et al. 2009). The results of the taxonomie classification
are reported in Tab. 2.2. Twenty-five asteroids are classified as belonging
to the S-complex, while only three NEAs are classified as belonging to the
C-complex. Seventeen of these objects were taxonomically classified for the
first time. In the other cases my classification is in agreement with the results
of other authors. Ail the analysis on the targets are discussed in detail in
Appendix A.
One way to indirectly assess mineralogical properties of a NEA is to com
pare its réflectance spectrum with several analogue meteorites; in this way
one can hâve an idea of the surface composition and the thermal évolution
suffered by the asteroid, and confirai the taxonomie classification. Such a
comparison présents some limitations (Gaffey et al. 2002) associated with
the spectral variations due to changes in grain size, viewing geometry, etc.
Nonetheless, ail of these effects mainly produce a variation in the absorp-
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Figure 2.7: VNIR spectra of S-complex asteroids 7088 Ishtar, 20826
2000UV13, 25916 2001CP44, 68359 20010Z13 and 277127 2005GW119 with
their meteorite analogues. For 68359 20010Z13 and 277127 2005GW119, I
combined the visible spectra with the NIR data available in the MIT-UH-
IRTF public database. The spectra are normalized at 0.55 /zm and shifted
by 1 for clarity.
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Figure 2.8: VNIR spectra of S-complex asteroids 4450 Pan, 99942 Apophis,
153958 2002AM31, 214869 2007PA8, 1994XD and 2010BB with their mété
orite analogues. For ail the asteroids I combined the visible spectra with the
NIR data available in the MIT-UH-IRTF public database. The spectra are
normalized at 0.55 jim and shifted by 1 for clarity.
Figure 2.9: NIR spectra of S-complex asteroids 142464 2002TC9, 164211
2004JA27, 164222 2004RN9, 2004RQ10 and 2004TP1 with their meteorite
analogues. The spectra are normalized at 1.25 iim and shifted by 1 for clarity.
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tion band contrast, but do not significantly affect the wavelength positions
of the absorption features, which are diagnostic for surface composition and
therefore give us constraints on it.
Using the M4AST online tool (Popescu et al. 2012), I compared through
a y2 method our observed spectra and the whole sample of meteorite spectra
included in the RELAB database. The tool automatically shows 50 fits
with the lowest y2 value; to identify the suitable meteorite analogue class
for each observed NEA, I checked the presence and position of diagnostic
spectral features, taking into account also the meteorite and NEA albedo
and considering the overall spectral match. I also compared the spectral
parameters of the observed bodies with meteorite spectral parameter ranges
(see e.g. Clark et al. 2011 and Dunn et al. 2013), ending up with a few
meteorites belonging to the same group, which can be considered as suitable
spectral analogues. In Fig. 2.3 I report the spectra of a C-type and an
S-type asteroid, together with the spectra of 5 meteorites belonging to the
same group that better mimicked diagnostic spectral features and the general
spectral behavior of the NEA. In the following analysis (Fig. 2.4 - 2.9) I show
for each object the observed spectrum together with the spectrum of only one
meteorite belonging to the group considered as suitable spectral analogue.
The meteorite analogue, characterised by a low y2 value, is also reported for
each observed NEA in Table 2.2.
2.5 Mineralogy analysis
The obtained spectra hâve been used to infer mineralogical properties of
the observed targets. S-type asteroids exhibit a generally red spectrum with
prominent bands around 1 and 2 jim (hereafter BI and BII), typical of py-
roxene and olivine assemblages. These absorption bands are caused by the
presence of Fe2+ cations located in the M2 crystallographic site (Burns 1993).
The position of the centre of the absorption bands is a diagnostic parameter
for the molar content of fayalite and ferrosilite in olivine and pyroxene assem
blages. Since different observational conditions between the visible and the
near-infrared part of the spectrum can alter the band centre détermination,
it is préférable to compute band minima, the position of the absorption fea-
ture before continuum removal, and use laboratory déterminations to dérivé
band centres.
To compute band minimum I used the standard procedure of approximate
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Table 2.2: Physical characteristics of the PHAs/AV" analyzed: absolute
magnitude, albedo, diameter, taxonomical class, suitable meteorite analogue
class, best match analogue, and y2 value.
Object PHA/
AU
H PV D1
(km)
Tax. class Meteorite
class
Meteorite name XÀ
4450 Pan PHA 17.10 Q OC H H5 Olmedilla de Alarcèn 1.80 xl
5011 Ptah PHA 16.40 0.11 2.10 Q OC LL LL4 Greenwell Springs 1.60 X
7088 Ishtar AU 17.08 Sq/Sr OC L L5 Knyahinya 3.20 X
13353 Masaakikoyama AU 16.71 0.03 3.49 Cg CC CM CM2 Y86695 1.14 x
20826 2000UV13 AU 13.70 0.18 5.70 Sq/Sr OC LL LL4 Soko-Banja 2.60 x :
25916 2001CP44 AU 13.40 0.21 6.06 Sq OC LL LL4 Hamlet 1.14 x '
68359 20010Z13 AU 17.80 0.47 0.53 Sq OC LL LL4 Hamlet 7.20 x
85804 1998WQ5 AU 15.30 0.24 2.36 Sv OC H H4 Chela 5.90 x
99942 Apophis PHA 19.09 0.30 0.375 Sq OC LL LL4 Hamlet 4.17 x :
138883 2000YL29 AU 16.70 0.19 1.39 Sr OC L L6 Bruderheim 7.80 x '
142464 2002TC9 AU 18.10 0.12 0.92 Sq/Sr OC H H3 Dhajala 3.03 x
143651 2003Q0104 PHA 16.00 0.14 2.29 S OC L L5 Ergheo 4.56 x
145656 4788P-L AU 16.35 Sv OC H H6 Zhovtnevyi 1.19 x .
153958 2002AM31 PHA 18.30 Q OC L L5 Tsarev 6.30 x :
163899 2003SD220 PHA 16.90 Sr OC H H4 Chela 6.93 X
164211 2004JA27 PHA 19.40 Sq/Q OC LL LL5 Olivenza 1.21 x
164222 2004RN9 AU 20.66 Sq OC L L6 Colby 6.20 x
203471 2002AU4 AU 19.20 C/Cg CC CM CM2 Y74662 3.14 xl
214869 2007PA8 PHA 16.47 Q OC H H6 Andura 5.70 x
277127 2005GW119 AU 18.49 Sq OC L L5 Tsarev 8.10 x
350751 2002AW PHA 20.80 B CC CV CV3 Grosnaja 5.40 x
1994XD PHA 19.10 Sq OC H H5 Barwise 1.13 x :
2004FZ1 PHA 18.30 Sr/Sv OC H H4 Chela 2.50 X1
2004RQ10 PHA 20.90 Sq/Q OC LL LL6 Manbhoom 9.80 x
2004TD10 AU 22.03 S OC L L4 Saratov 3.10 x
2004TP1 PHA 20.70 Q OC LL LL6 Jelica 1.17 x]
2010BB PHA 20.40 Q OC H H5 Nuevo Mercurio 1.90 xl
2012VF37 PHA 21.00 S/Sq/Sr OC LL LL4 Soko-Banja 3.60 x
NOTE: References. (1) Tedesco et al. 1992. See Sect. 1.2.1
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each absorption band with a polynomial, fitting a 2nd degree polynomial over
each band. Errors were computed using a Monte Carlo simulation, randomly
sampling data 100 times and taking the standard déviation as incertitude.
Then I derived the band centre from band minimum using a semi-empiric
relation found using laboratory data by Cloutis & Gaffey (1991):
BIcen = BImin + 0.007 [Ml ± 0.004 (2-1)
Another parameter used to dérivé mineralogical compositions is the Band
Area Ratio (BAR), the ratio of the computed BII area over BI area (Gaffey et
al. 2002). This parameter is diagnostic to dérivé the olivine/pyroxene ratio,
following relations calibrated in laboratory (Dunn et al. 2010). However, in
order to compare BAR values it is crucial to chose the same starting point for
BI and the same furthest point for BII for ail the asteroids. For my analysis
I took as a starting point 0.7 /im for Band I and as the furthest point 2.45
fim for Band II; then I fitted a polynomial over each band, I computed band
areas for BI and BII and BAR was subsequently obtained by dividing BII
area by BI area.
BAR measurements are affected by température shifts, so to compare
these measurements with laboratory data, I made use of an inverse corré
lation found by Sanchez et al. (2012) for different assemblages of olivine
and orthopyroxene. An approximate surface température was established by
using a standard thermal rnodel (Lebofsky & Spencer, 1989):
T = [(1 — A)Lq/16 erjaTTr2}1/4 (2-2)
where A stands for the bond albedo of the asteroid, L© is the solar luminosity,
a the Boltzman constant, and r the distance from the Sun in rneters. In the
approximations used in the standard thermal model the beaming factor 77,
which gives a measure of the roughness of the surface, is assumed to be
approximately 1, and the infrared emissivity e ~ 0.9 (Lebofsky & Spencer,
1989). The final température however is not particularly sensitive to minor
changes in these parameters or to changes in the albedo. For objects with
unknown albedo the mean values of the corresponding taxonomie classes were
considered (0.15 for an S-type, 0.04 for a C-type), as taken from Shestopalov
Sz Golubeva (2011). Once an approximate température for the surface of
the asteroids was found, to retrieve BAR correction I applied Sanchez et al.
(2012) relation, that from laboratory measurements computed an empiric
relation:
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BARcorr = 0.00075 x T(K) - 0.23 (2.3)
To infer mineralogy properties, and in particular détermine the molar
content of fayalite in olivine, ferrosilite in pyroxene, and the relative per-
centage of olivine and pyroxene, I applied formulas derived by Dunn et al.
(2010):
Fa= -1284.9 x ( Blf+ 2656.5 x - 1342.3 (2.4)
Fs = -879.1 x (Blf + 1824.9 x - 921.7 (2.5)
ol/(ol+ px) =-0.242 x + 0.728 (2.6)
These équations, obtained in laboratory for ordinary chondrites assemblages,
can be applied to asteroids that share a similar mineralogy, like S and Q-
types.
In Table 2.3 spectral parameters, together with the derived molar contents
of fayalite, ferrosilite and the olivine/pyroxene ratio, are reported. The same
values are shown in in Fig. 2.10 - 2.12. Detailed mineralogical analysis for
each target is also reported in Appendix B.
In Fig. 2.10 I reported the BAR vs BI for the 17 targets for which was
possible to compute mineralogy, along with the régions originally defined
in Gaffey et al. (1993). Although in some cases asteroids are plotted just
outside the H, L or LL chondrites mineralogy région, ail the targets share
a common ordinary chondrite (OC) mineralogy. My resuit is strengthened
by the fact that the majority of objects analyzed is plotted in the same
subgroup of ordinary chondrites of the best meteorite analogue found by
spectral comparison.
The computed molar content of fayalite and ferrosilite and the olivine/
pyroxene ratio is plotted in Fig. 2.11 - 2.12. In Fig. 2.11 I plotted the
Fs vs the Fa molar content, while in Fig. 2.12 the same values are com-
pared with the ol/px ratio. Even in this case targets are in remarkably good
agreement with H, L or LL ordinary chondrites, with tlieir Fa and Fs molar
content and their olivine/pyroxene ratio that confirm the overall agreement
with OC group. Meteorite analogues derived by the fayalite, ferrosilite and
olivine/pyroxene content are also in agreement with the previous plots and
the meteorite analogues found by spectral comparison.
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Table 2.3: Visibile slopes, band centres, BARs, and mineralogical composi-
tion.
Object Slope“ BI BAR BARcorr Fa Fs Ol/
(%/103 A) (mwi) (mol%) (mol%) ol+ px
7088 Ishtar 12.24 ±0.03 0.952 ±0.003
13353 Masaakikoyama 4.27 ±0.17
20826 2000UV13 10.37 ±0.31
25916 2001CP44 10.00 ±0.23 1.003 ± 0.009 0.72 ± 0.05 0.62 ± 0.05 29.5 ± 1.3 24.3 ± 1.4 0.58 ±0.03
68359 20010Z13 16.13 ±0.35 0.992 ±0.005
85804 1998WQ5 0.924 ±0.005 1.35 ±0.05 1.27 ± 0.05 15.3 ± 1.3 13.9 ± 1.4 0.42 ±0.03
138883 2000YL29
142464 2002TC9
145656 4788P-L
0.925 ± 0.004
164222 2004RN9
203471 2002AU4 0.07 ±0.16
0.959 ± 0.005 0.52 ± 0.05 0.48 ±0.05 23.6 ± 1.3 19.9 ± 1.4 0.61 ± 0.03
277127 2005GW119 13.23 ±0.97 0.937 ±0.003
2004TD10 0.966 ±0.010 0.79 ±0.05 0.76 ± 0.05 24.9 ± 1.3 20.8 ± 1.4 0.54 ± 0.03
4450 Pan 4.16 ± 0.26 0.925 ± 0.002 1.02 ± 0.05 0.97 ± 0.05 15.6 ± 1.3 14.2 ± 1.4 0.49 ± 0.03
5011 Ptah 10.05 ± 0.23 1.005 ± 0.001 0.43 ± 0.05 0.36 ± 0.05 29.7 ± 1.3 24.4 ± 1.4 0.64 ± 0.03
99942 Apophis 15.24 ± 0.24 0.970 ± 0.003 0.55 ± 0.05 0.54 ± 0.05 25.5 ± 1.3 21.3 ± 1.4 0.60 ± 0.03
143651 2003Q0104 21.69 ± 0.46 0.950 ± 0.006 0.52 ± 0.05 0.43 ± 0.05 21.7 ± 1.3 18.6 ± 1.4 0.62 ± 0.03
153958 2002AM31 6.30 ± 0.25 0.975 ± 0.003 0.53 ± 0.05 0.46 ± 0.05 26.3 ± 1.3 21.9 ± 1.4 0.62 ± 0.03
163899 2003SD220 10.90 ± 0.12 0.920 ± 0.003 0.94 ± 0.05 0.94 ± 0.05 14.1 ± 1.3 13.1 ± 1.4 0.50 ± 0.03
164211 2004JA27 0.976 ± 0.001 0.33 ± 0.05 0.26 ± 0.05 26.5 ± 1.3 22.0 ± 1.4 0.66 ± 0.03
214869 2007PA8 6.72 ± 0.22 0.933 ± 0.003 0.65 ± 0.05 0.54 ± 0.05 17.7 ± 1.3 15.7 ± 1.4 0.60 ± 0.03
350751 2002AW -4.21 ± 1.70
1994XD 4.16 ± 0.26 0.925 ± 0.002 0.48 ± 0.05 0.38 ± 0.05 15.6 ± 1.3 14.1 ± 1.4 0.63 ± 0.03
2010BB 9.18 ± 0.28 0.940 ± 0.003 0.52 ± 0.05 0.52 ± 0.05 19.4 ± 1.3 16.9 ± 1.4 0.60 ± 0.03
2004FZ1 0.924 ± 0.002 0.93 ± 0.05 0.86 ± 0.05 15.3 ± 1.3 14.0 ± 1.4 0.52 ± 0.03
2004RQ10 0.990 ± 0.003 0.29 ± 0.05 0.21 ± 0.05 28.3 ± 1.3 23.3 ± 1.4 0.68 ± 0.03
2004TP1 0.984 ± 0.005 0.41 ± 0.05 0.36 ± 0.05 27.6 ± 1.3 22.8 ± 1.4 0.64 ± 0.03
2012VF37 9.63 ± 0.24
NOTE: a Computed between 0.5-0.75 fim.
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Figure 2.10: Plot of BI versus BAR for 17 targets of the survey for which was
possible to perform a mineralogical analysis. The rectangular zone includes
pyroxene-dominated basaltic achondrite (BA) assemblages; the OC subgroup
represents mafic silicate components of ordinary chondrites; the rectangular
zone (01) represents pure olivine composition, from Gaffey et al. (1993).
The thick curve is the limit of the mixing line for olivine and orthopyroxene
mixing, as shown in Cloutis et al. (1986). Horizontal lines separate H, L,
and LL chondrites.
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Figure 2.11: Molar content of Fa vs. Fs for 17 NEAs with a mineralogical
characterization, along with values for LL (open triangles), L (open circles),
and H (x) ordinary chondrites, adapted from Sanchez et al. (2013). The
error bars correspond to the values determined by Dunn et al. (2010) 1.4
mol% for Fs and 1.3 mol% for Fa. The horizontal dashed lines represent the
approximate boundaries for H, L, and LL chondrites.
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Figure 2.12: (a) Spectrally derived mol% Fa and (b) mol% Fs plotted as
a function of derived ol/(ol+px) for 17 NEAs. Solid boxes represent the
range of spectrally derived ol/(ol+px) for H, L, and LL ordinary chondrites,
together with error bars frorn Dunn et al. (2010). Error bars represent the
least mean square of the errors (0.03 for ol/(ol+px), 1.3 mol% for Fa, and
1.4 mol% for Fs). Adapted from Dunn et al. (2013).
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2.6 Conclusion
During my Ph.D. I analyzed 13 NEAs with a Al/ lower than 10.5 km/s,
enlarging the dataset of the ~ 1000 low AV asteroids for which we already
know some physical properties. From the mineralogical and compositional
analysis there seems to be a prevalence of silicate S-types, over more porous
carbonaceous C-types. Several studies suggest that this is probably due to
dynamical effects, since S-types are more common in the inner main belt
and they are closer to the 3:1 résonance, which purnp their eccentricity and
push them into near-Earth orbits. However a observational bias, due to the
fact that S-types are brighter, cannot be excluded. The NEOWISE survey
(Masiero et al. 2011) suggests that there are lots of low albedo C-types among
the NEA population, which are probably not seen due to a sélection effect.
C-types are the most promising and interesting targets for an astrobiological
mission, since they contain pristine material and probably organic, prebiotic
compounds, having possibly delivered life on our planets billions of years ago.
For ail these reasons we need to look for low AV C-types, and one way to
assess that is to observe fainter NEAs.
My sample of 15 observed PHAs enlarged by 8% the global sample of
~ 190 PHAs with physical characterization. It is important to study the
nature of these potential impactors and perform a mineralogical analysis, in
order to obtain the greatest amount of information on these asteroids. It is in
fact crucial to the development of mitigation missions to know the physical
properties of potential impactors, since objects with different composition
tend to respond in different ways to different mitigation techniques. My work
was also propedeutic to the Italian involvement to NEOShield-2, a project
founded by the European community in order to characterize small (50-300
m) impactors and develop instruments and technologies to be used for a close
approach mission with a NEA, that started in March 2015 for a duration of
2.5 years.
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Chapter 3
Basaltic material in the Solar
System
4 Vesta, one of the targets of the Dawn mission, is one of the most intrigu-
ing objects in the Solar System, since it is the only large 500 km-diameter
asteroid to show a basaltic crust. The majority of the basaltic material in
the Solar System is thought to corne frorn Vesta; ifs astounding however how
this “small body” retained its basaltic crust, since the most accredited the-
ory (Safronov 1979) suggests that during the formation of our Solar System
collisions between asteroids were more frequent than today. This is testified
by the huge craters observed first by HST (Thomas et al. 1997) and then
by the Dawn mission (Marchi et al. 2012). These collisional events hâve
generated the Vesta dynamical family, a swarm of basaltic objects in close
orbits with Vesta itself (Williams 1989).
Ail the basaltic asteroids observed share the same taxonomie class of V-
type objects, characterized by a deep absorption band near 0.9 /im, observed
on Vesta first by McCord et al. (1970). Scveral authors suggest that a
collection of meteorites, called collectively HED (Howardites, Diogenites and
Eucrites) hâve spectra similar to Vesta and V-type objects (Drake 2001).
The discovery of small bodies with a V-type classification in orbits between
Vesta and the 3:1 rnean motion résonance with Jupiter (Binzel & Xu 1993)
confirmed a genetic link between them and lead to a plausible scénario: one
or more impacts on Vesta created a swarm of small fragments, some fonning
the dynamical family while others, due to collisions and dissipative effects,
were injected into strong résonances, wliich pump their eccentricities. Some
were ejected from the Solar System or fell directly into the sun (Farinella
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et al. 1994). Others, extracted from a close encounter with a terrestrial
planet, became NEAs (Cruikshank et al. 1991) or Mars-crossers (Ribeiro et
al. 2014). Finally they ended up colliding on Earth and were recovered as
HED meteorites.
Recent advances in the field of meteorite analysis and asteroid spec-
troscopy however raised up new questions: laboratory studies on the oxy-
gen isotopic composition performed on HED meteorites suggest that sorne
meteorites could corne from another differentiated asteroid; asteroids with
a V-type classification hâve been discovered ail over the main belt with no
dynamical link with Vesta. While some of these V-types, after dynamical
simulations, could at least be considered as “fugitives” from the Vesta family
(Nesvornÿ et al. 2008), it is difficult to explain large V-type objects in the
middle and outer main belt. The probability for an asteroid of a D> 5 km
to evolve from the Vesta family and cross over the 3:1 résonance, reaching
a stable orbit in the middle belt, is almost 1% (Roig et al. 2008). At the
moment, 1459 Magnya, 10537 1991RY16 and 21238 Panarea are the only
three confirmed Middle Outer V-types (MOVs) and they show no obvious
corrélation with any of the major asteroid families nor they are near any
other basaltic candidates (Moskovitz et al. 2008 and Fig. 3.1). Looking at
the dynamical characteristic of the different V-type populations it is possible
to consider three plausible scénarios:
these objects were removed at the epoch of the Vesta family formation
and migrated to their current position via some still unknown dynam
ical mechanism: in this case they should not appear spectroscopically
different from Vesta family asteroids.
- these objects were removed from Vesta in the early phases of the as
teroid formation and were scattered to their current orbits via mean
motion and secular résonances that swept through the asteroid main
belt in the early collisional phases: in this case they could represent an
older population of Vesta family objects, and might be spectroscopi
cally distinct.
- these objects are indeed fragments of the basaltic crust of another dif
ferentiated non Vestan asteroid: in this case these asteroids would be
likely spectroscopically distinct from the Vesta family.
To try to assess if ail the basaltic material do corne from Vesta, during
my Ph.D. I performed a statistical analysis of the spectroscopic and miner-
alogical properties of the largest sample of V-types ever collected. In order
to highlight similarities and différences among them, and shed light on their
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Figure 3.1: Semi-major axis vs inclination for vestoids (filled grey circles),
basaltic candidates based on SDSS colors (x) and SDSS asteroids sample
(small dots), along with the major parent bodies (black dot). The three
confirmed basaltic asteroids beyond the 3:1 mean motion résonance with
Jupiter are indicated by a star. Note that they aren’t in the proximity of
any asteroid family.
possible Vestan origin, I computed several spectral parameters in the visible,
near-infrared and VNIR ranges. Asteroids were grouped according to their
dynamical properties, and their computed spectral parameters were com-
pared with each other, with those of a sample of HED meteorites and with
spectral parameters of the surface of Vesta as taken by instruments on board
the Dawn mission.
3.1 The V-types sample
I analyzed 183 spectra in the visible and near infrared range for 115 aster
oids classified as V-type. In order to better investigate similarities between
the different populations I divided the sample in six groups according to
their dynamical properties. The highest concentration of V-type asteroids is
found in the inner main belt (2.2 < a < 2.5); these can be separated in four
dynamical groups that in what follows will be called vestoids, fugitives,
low-inclination (low-i) and inner-other (IOs). Outside the inner main belt
other two V-type groups are defined: NEAs and MOVs. Fugitives, low-i,
IOs and MOVs can be called together as non vestoids. Therefore:
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- A vestoid is a V-type member of the Vesta dynamical family, as defined
by Nesvornÿ1 using the Hierarchical Clustering Method (HCM).
- A fugitive, following the définition of Nesvornÿ et al. (2008), is a V-
type asteroid with semimajor axis < 2.3 AU and comparable e and i
with the Vesta family.
- Also according to Nesvornÿ et al. (2008) a V-type asteroid having i
< 6° and 2.3 < a < 2.5 AU, here classified as low-inclination (low-i),
cannot be easily associated with Vesta, though it might represent an
interesting group to be analyzed in ternis of surface composition.
- The remaining V-type asteroids in the inner main belt will be identified
as IO.
- A NEA is a V-type asteroid in the near-Earth région (with a perihelium
q < 1.3 AU).
A MOV is a middle and outer main belt (a > 2.5) V-type asteroid.
The final sample is composed of 42 vestoids, 15 fugitives, 22 low-i, 10
IO, 4 MOV and 22 NEA. Spectra of the same object taken with similar
observational conditions were averaged. In Tab. 3.1 the orbital parameters
(a, e and i) are given for each asteroid of the selected sample, as well as
the solar phase at the time of the observation in the visible and/or in NIR,
the reference from which the spectra were taken and the dynamical group
assigned.
Since the principal aim of this analysis is to check if the different V-types
across the main belt and near-Earth région share the same properties as those
objects that very plausibly corne from Vesta (i.e the vestoids), I considered
a control sample defined by those vestoids which hâve VNIR spectra and
were obtained at solar phase angles smaller than 15°. The last condition is
important to guarantee that the spectra are not affected by observational
effects. Objects belonging to the control sample are marked with an asterisk
in Tab. 3.1.
1. http://sbn.psi.edu/pds/resource/nesvornyfam.html
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Table 3.1. Statistical sample: orbital éléments (a, e, i), solar phase a and the
author of visible and/or near-infrared observations and the dynamical group.
Object a e sin i CXy author aN IR author Group
809 Lundia 2.28 0.14 0.12 14.4 (1) 22.4 (4) Fugitive
23.9 (10)
854 Frostia 2.37 0.16 0.11 22.9 (2) 13.1 (3) IO
956 Elisa 2.30 0.16 0.11 26.8 (1) 16.6 (4) Fugitive
956 Elisa 20.8 (10)
1459 Magnya 3.15 0.21 0.27 13.0 (1) 7.8 (H) MOV
1468 Zomba 2.18 0.21 0.18 13-38.3 (10) IO
1914 Hartbeespoortdam 2.41 0.14 0.08 12.9 (2) Low-i
*1929 Kollaa 2.36 0.11 0.12 3.8 (3) 14.4 (10) Vestoid
*1933 Tinchen 2.35 0.09 0.12 11.9 (3) 7.9 (12) Vestoid
1946 Walraven 2.29 0.19 0.13 13.2 (2) Fugitive
1981 Midas 1.78 0.65 0.63 39.4 (3) 48 (3) NEA
*2011 Veteraniya 2.39 0.11 0.11 27.9 (3) 16.8 (12) Vestoid
*2045 Peking 2.38 0.09 0.12 18.6 (3) 16.9-21.7 (10) Vestoid
2371 Dimitrov 2.44 0.05 0.04 14.8 (3) 19.6 (10) Low-i
2442 Corbett 2.39 0.10 0.09 19.8 (3) 7.8 (10) Low-i
2468 Repin 2.33 0.12 0.11 12.3 (4) Vestoid
2468 Repin 21.5 (3)
2486 Metsahovi 2.27 0.12 0.14 12.1 (2) Fugitive
2508 Alupka 2.37 0.09 0.11 11.5 (3) Vestoid
*2511 Patterson 2.30 0.10 0.13 14.9 (3) 21.2 (10) Vestoid
2547 Hubei 2.39 0.09 0.11 1.4 (3) Vestoid
2566 Kirghizia 2.45 0.10 0.08 12.7 (3) 9.8 (10) Low-i
2579 Spartacus 2.21 0.08 0.11 10.8 (3) 18.9 (10) Fugitive
2640 Halllstrom 2.40 0.13 0.11 13.2 (3) IO
2653 Principia 2.44 0.11 0.09 19.7 (3) 3.1-17.8 (10) Low-i
2704 Julian Loewe 2.38 0.12 0.09 4.8 (3) Low-i
2763 Jeans 2.40 0.18 0.08 5.7 (3) 12.2 (4) Low-i
2763 Jeans 17.9 (10)
2795 Lepage 2.30 0.08 0.12 20.6 (3) 4.7 (10) Fugitive
2823 van der Laan 2.41 0.06 0.08 16.1 (10) Low-i
2851 Harbin 2.48 0.12 0.13 5.6 (3) 8.7 (4) IO
2851 Harbin 22.9 (10)
2912 Lapalma 2.29 0.12 0.12 17.4 (3) 8.7 (10) Fugitive
*3155 Lee 2.34 0.10 0.12 4.2-19.6 (3) 7.9-8.4 (10) Vestoid
3265 Fletcher 2.41 0.11 0.11 3.4 (3) Vestoid
3268 De Sanctis 2.35 0.10 0.12 3.9 (3) 10 (4) Vestoid
3307 Athabasca 2.26 0.10 0.12 18.5 (3) Vestoid
3498 Belton 2.36 0.10 0.12 5.1 (3) 2.9 (4) Vestoid
3536 Schleicher 2.34 0.08 0.12 2.6 (3) IO
3613 Kunlun 2.37 0.12 0.12 9-18.5 (3) Vestoid
*3657 Ermolova 2.31 0.09 0.12 11.7 (3) 25.4 (10) Vestoid
3703 Volkonskaya 2.33 0.09 0.12 9.8 (10) Vestoid
*3782 Celle 2.42 0.11 0.11 10.6 (3) 13.3-17.1 (10) Vestoid
3849 Incidentia 2.47 0.06 0.09 3.7 (3) Low-i
3850 Peltier 2.23 0.11 0.08 21.0 (3) Fugitive
3900 Knezevic 2.37 0.11 0.12 10.9 (3) IO
3908 Nyx 1.93 0.46 0.04 48.5 (3) 49.5 (13) NEA
3968 Koptelov 2.32 0.09 0.12 19.0 (3) 13.6 (12) Vestoid
4038 Kristina 2.37 0.10 0.11 4.8 (3) 10.3 (10) Vestoid
4055 Magellan 1.82 0.33 0.40 21.7 (1) 17.7 (13) NEA
4147 Lennon 2.36 0.10 0.11 15.2 (3) Vestoid
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4188 Kitezh 2.34 0.11 0.10 0.4 (3) Low-i
*4215 Kamo 2.42 0.10 0.12 16.7-25.3 (3) 3.2-17.3 (10) Vestoid
4278 Harvey 2.27 0.15 0.09 15.8 (1) Fugitive
4311 Zguridi 2.44 0.11 0.11 5.7 (3) Vestoid
4434 Nikulin 2.44 0.10 0.10 11.1 (3) Low-i
4434 Nikulin 13.2 (4)
4796 Lewis 2.36 0.14 0.05 2.2 (4) 13.9 (10) Low-i
4796 Lewis 8.2 (3)
4815 Anders 2.36 0.10 0.13 3.9 (4) Vestoid
4900 Maymelou 2.38 0.10 0.11 21.8 (3) Vestoid
4977 Rauthgundis 2.29 0.09 0.10 17.7 (3) Vestoid
4993 Cossard 2.37 0.09 0.11 7.1 (3) Vestoid
*5111 Jacliff 2.35 0.08 0.12 9.5 (3) 10.5 (10) Vestoid
5240 Kwasan 2.38 0.10 0.11 3.3 (3) Vestoid
5379 Abehiroshi 2.40 0.07 0.06 13.1 (3) 8.9 (3) Low-i
*5481 Kiuchi 2.34 0.09 0.11 22.5 (1) 10.5 (10) Vestoid
5498 Gustafsson 2.25 0.10 0.05 7.8 (10) Low-i
5604 1992 FE 0.93 0.41 0.08 93.2 (3) 28.1 (13) NEA
6159 1991 YH 2.29 0.09 0.11 1.8 (4) Vestoid
6331 1992 FZ1 2.36 0.10 0.12 7.2 (4) Vestoid
6406 Vanavara 2.27 0.13 0.13 15.8 (2) 17.3 (12) Fugitive
6611 1993 VW 1.70 0.48 0.15 66.2 (3) 27.6 (13) NEA
7148 Reinholdbien 2.29 0.10 0.10 9.7 (2) 24.3 (12) Fugitive
7558 Yurlov 2.29 0.11 0.09 8.5 (5) Fugitive
7800 Zhongkeyuan 2.23 0.11 0.06 2.8 (10) Low-i
7889 1994 LX 1.26 0.35 0.60 43.7 (3) 21.9-25.1 (3) NEA
8693 Matsuki 2.41 0.12 0.11 7.7 (2) 13.8 (12) Vestoid
9481 Menchu 2.29 0.14 0.04 6.1 (10) Low-i
9553 Colas 2.20 0.11 0.04 20.3 (10) Low-i
10037 1984 BQ 2.39 0.10 0.12 3.6 (4) Vestoid
10349 1992 LN 2.38 0.10 0.12 12.7 (4) Vestoid
10537 1991 RY16 2.85 0.10 0.11 13.5-18.2 (6) MOV
10537 1991 RY16 18.2 (5)
*11699 1998 FL105 2.40 0.11 0.10 1.1 (7) 2.4 (7) Vestoid
11876 Doncarpenter 2.43 0.12 0.11 5.2 (7) Vestoid
16416 1987 SM3 2.20 0.11 0.11 6 (10) Fugitive
16651 1993 TSll 2.29 0.10 0.10 7.9 (7) 5.5 (7) Vestoid
21238 Panarea 2.54 0.13 0.18 20.9 (8) 5.4 (3) MOV
22533 Krishnan 2.43 0.16 0.11 21.4 (7) IO
24941 1997 JM14 2.48 0.12 0.09 2.0 (5) Low-i
26886 1994 TJ2 2.34 0.12 0.08 10.9 (10) Low-i
27343 Deannashea 2.33 0.14 0.09 11.7 (10) Low-i
28517 2000 DD7 2.29 0.09 0.14 11.3 (5) Fugitive
33082 1997 WF43 2.30 0.08 0.11 13.3 (7) Vestoid
33881 2000 JK66 2.21 0.24 0.18 23.3 (10) IO
36412 2000 OP49 2.28 0.11 0.07 11.8 (10) Low-i
38070 Redwine 2.14 0.14 0.06 25.5 (5) 4.1 (10) IO
40521 1999 RL95 2.53 0.06 0.22 4.1 (8) MOV
42947 1999 TB98 2.41 0.09 0.11 17.8 (7) 12.1 (7) Vestoid
50098 2000 AG98 2.34 0.13 0.11 11.4 (10) Vestoid
52750 1998 KK17 1.47 0.53 0.19 21.0 (13) NEA
56570 2000 JA21 2.38 0.10 0.07 21.2 (5) Low-i
60669 2000 GE4 2.21 0.13 0.12 23.6 (5) Fugitive
66268 1999 JJ3 2.30 0.09 0.12 8.2 (7) 11.3 (7) Vestoid
88188 2000 XH44 2.01 0.39 0.20 9.6 (13) NEA
91290 1999 FR25 2.28 0.09 0.13 5.8 (7) Vestoid
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97276 1999 XC143 2.49 0.15 0.06 2.4 (10) Low-i
137924 2000BD19 0.88 0.90 0.43 19.9 (3) NEA
192563 1998WZ6 1.45 0.41 0.42 27.4 (3) NEA
238063 2003 EG 1.74 0.71 0.53 45.6 (9) NEA
253841 2003YG118 2.29 0.64 0.14 48.2 (3) NEA
297418 2000SP43 0.81 0.47 0.18 35.7-51.5 (3) NEA
326290 Akhenaten 0.88 0.44 0.06 14.5 (3) NEA
2001YE4 0.68 0.54 0.08 57.2 (3) NEA
2003 FU3 0.86 0.39 0.23 67.6 (9) NEA
2003 FT3 2.68 0.57 0.07 21.8 (9) 47.4 (3) NEA
2003 GJ21 1.81 0.40 0.12 16.9 (9) NEA
2005 WX 1.60 0.38 0.08 29.9 (13) NEA
2008 BT18 2.22 0.59 0.14 34.4 (14) NEA
2011YA 2.12 0.76 0.09 22.7 (3) NEA
2013KL6 2.10 0.54 0.13 0.4 (3) NEA
Spectra were taken from: (1) the S30S2 survey (Lazzaro et al. 2004); (2) Alvarez-Candal et al. (2006);
(3) the SMASS survey2; (4) Duffard et al. (2004); (5) Moskovitz et al. (2008); (6) Duffard &; Roig (2009);
(7) Jasmim et al. (2013); (8) Roig et al. (2008); (9) Marchi et al. (2005); (10) Moskovitz et al. (2010);
(11) Hardersen et al. (2004); (12) De Sanctis et al. (2011b); (13) Burbine et al. (2009); (14) Reddy et al.
(2008). Objects belonging to the control sample are marked with an asterisk.
3.2 Statistical analysis
3.2.1 Visible range
I performed the statistical analysis on the visible spectra of my sample
focusing on four parameters: the reflectivity gradient in the 5000 - 7500 Â and
8000 - 9200 A range (slopeA and slopeB respectively), the local maximum
around 7500 Â and the apparent depth (the ratio between the reflectivity
at 7500 and 9000 Â). These parameters are chosen since they could help
characterize the position and the shape of the 0.9 pm absorption band, hence
they are diagnostic tools to infer some mineralogical properties of V-type
asteroids having visible spectra. The computed spectral parameters for each
asteroid with a visible spectrum are given in Tab. 3.2, together with the
mean value for each dynamical group and the control sample.
In Fig. 3.2 the whole sample of 85 V-types analyzed in the visible range is
grouped according to their dynamical properties. The control sample above
defined marks a compact région: the mean local maximum is at 7421 Â,
spreading between 7292 and 7563 Â; slope A can vary between 7.30 and
2. http://smass.mit.edu/smass.html
52 CHAPTER 3. BASALTIC MATERÏAL IN THE SOLAR SYSTEM
19.20%/103 Â, with an average value of 12.87%/103 Â; slope B is found in
a range between -20.46 and -36.00%/103 Â, with an average of -26.23%/103
Â. The average apparent depth is 1.52, and in the control sample it varies
between 1.34 and 1.72.
In Fig. 3.2a I plotted the maximum vs slope B. The majority of V-
types cluster inside the région defined by the control sample. I found twelve
objects above this région, with a less steep slopeB: four NEAs (4055, 238063,
2003FU3 and 2003GJ21) show higher, less steep slopeB. 2486, 4147 and 4311
could belong to a different taxonomie group, since they hâve no infrared
spectrum. In fact, outside the région defined by the control sample there are
also five objects (3268, 4038, 6406, 8693 and 2003FT3) which are reported
in literature as V-types, but from a careful analysis of their NIR spectra
show shallower band depths, and could be classified as Sv-types. Below the
région defined by the control sample I found three objects: 5604 is a NEA
and its steeper slopeB can be explained via fresh material resurfaced by
impacts; 2579 is a fugitive which shows an unusual V-type spectrum; 5379 is
classified as a V-type in the visible spectrum, although from the comparison
of its NIR spectrum taken from the SMASS database it seerns belonging
to another taxonomie class. Comparing maximum and slope B there is no
apparent discontinuity between fugitives, IOs, MOVs and low-i: computing
the average parameters for these different classes I noted that they are ail in
good agreement with each other and also with the control sample of objects
belonging to the Vesta family (Tab. 3.2). NEAs show the greater and lower
slope B and maxima at lower wavelengths, with average parameters different
from other dynamical groups and also from the control sample.
When I plotted the maximum vs slope A (Fig. 3.2b) I found that the
majority of V-t}^pes cluster in the control sample région. 4 NEAs (238063,
2003FT3, 2003FU3 and 2003GJ21) show an extremely low slopeA (3.15-
5.87%/103 Â) that could be due to actual different spectral properties or more
probably to a low S/N in the visible spectra, since these asteroids were ail
taken during the same observational run (Marchi et al. 2005); 2851 and 22533
are plotted outside the control sample région, but aclding their experimental
errors they could be compatible with an origin from Vesta. 3268, 4038, 6406
and 2003FT3 (four possible Sv-types) hâve a local maximum beyond 7600
Â separated from the other V-types, which could be diagnostic for their
belonging to another taxonomie class. Analyzing different dynamical groups
fugitives seems to hâve a greater slopeA than other classes, although still in
agreement with the average control sample. NEAs show lower average slopeA
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Figure 3.2: SlopeA, SlopeB, Maximum and Apparent Depth for visible spec-
tra of V-type asteroids divided by dynamical groups: vestoids, fugitives,
NEAs, low-i, MOVs and IOs. The box is defined by the values of the spec
tral parameters of the control sample given by V-types observed in the VIS
and NIR range under similar observational conditions and belonging to the
Vesta dynamical family. Outsiders are discussed in the text.
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than other classes, although excluding values for the 4 anomalous NEAs we
obtain an average value (slopeA = 11.14) in agreement with other dynamical
groups.
In Fig. 3.2c I report slope A vs apparent depth. Most of my database
of V-types cluster in the région defined by the control sample, while some
asteroids, mostly NEAs and MOV objects, hâve higher apparent depth than
the average. Unfortunately, the experimental errors in the depth détermina
tion, due to the low S/N spectra, for 5604, 7889, 21238 and 40521 are too
big to exclude a compatibility with the control sample zone. Considering the
experimental errors 1459, 2579, 3307, 3908 and 5379 are still plotted outside
the région defined by the control sample, showing an apparent depth greater
than 1.8. A deep depth of the 0.9 fim band could be indicative of bigger grain
size (Cloutis et al. 2013) or of a more compact crystalline pyroxene, although
a different mineralogy should not be excluded. 1459 is a MOV object with a
possible different parent body and mineralogy than Vesta; for 2579 and 3307
the deeper apparent depths could be due to bigger grain sizes; 3908 is on a
NEA orbit and could hâve been resurfaced by recent impacts, exposing more
crystalline pyroxene; 5379 as already pointed ont could belong to another
taxonomie class. Other V-types show instead a depth lower than the control
sample: 4815 could be compatible, adding the experimental errors; 3 NEAs
(238063, 2003FU3 and 2003GJ21) show an extremely low apparent depth like
four object I identified as possible Sv-types (3268, 4038, 6406 and 2003FT3).
For NEAs with unusual values for ail of the considered parameters (238063,
2003FU3 and 2003GJ21), further observations with higher S/N ratio should
be conducted to confirm their basaltic nature. Also six alleged V-types with
a shallower band depth (3268, 4038, 5379, 6406, 8693 and 2003FT3) hâve
shown unusual parameters in ail of the three plots; tliey could potentially
belong to another taxonomie class and are therefore excluded from the rest
of the analysis. NEAs show also deeper apparent depths than the control
sample, with a greater range of variations than vestoids, fugitives, low-i and
IO. From this plot there seems to be no linear corrélation between the slopeA
and the apparent depth.
When I compared my database with HED meteorites taken from the
RELAB database3 I found that V-types in general show a less steep slopeB
than HED suite (Fig. 3.3a) and a quite redder slopeA (Fig. 3.3b-3.3c):
the redder slopeA could be due in principle to a phase angle effect, since
3. http://www.planetary.brown.edu/relabdata/
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Figure 3.4: Maximum/SlopeA and SlopeA/Depth for visible V-type objects
analyzed a-b) before and c-d) after the the slopeA corrected with the Reddy
et al. (2012) relation. Note that, even after the correction, these plots show
that V-types are intrinsically redder then HED suite.
meteorites spectra are taken at low phase angles, while main-belt asteroids
and NEAs in particularly are generally observed at liigh phase angles. To
correct for phase angle effect I applied for main belt V-types (observed at
a < 30°, see Tab. 3.1) a relation found by Reddy et al. (2012) for Vesta; for
NEAs (observed between 39° < a < 93°) I choose to not apply any correction
because the Reddy et al. (2012) empiric relation works well within phase
angles a < 30°.
After the correction the V-type database is comparable with the reddest
HED meteorites (Fig 3.4a - 3.4d). This suggests that V-types are intrinsically
redder, having experienced a certain degree of space weathering alteration,
since the effect of space weathering on basaltic surfaces is to redder the slopeA
and lower the absorption depth, as appears in silicate mixtures (Fulvio et al.
2012).
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Table 3.2. Visible spectra analysis
Object Slope A (%/10aÀ) Maximum (À) Depth Slope B (%/103À)
809 Lundia 15.24 ± 0.09 7436 ± 74 1.68 ± 0.10 -32.07 ± 0.46
854 Frostia 7491 ± 95 1.41 ± 0.20 -31.26 ± 1.24
956 Elisa 16.34 ± 0.11 7405 ± 78 1.67 ± 0.03 -30.77 ± 0.40
1459 Magnya 15.55 ± 0.16 7375 ± 110 1.81 ± 0.06 -32.48 ± 0.60
1914 Hartbeespoortdam 7460 ± 134 1.41 ± 0.04 -20.83 ± 0.27
1929 Kollaa 9.83 ± 0.11 7426 ± 116 1.54 ± 0.04 -25.02 ± 0.52
1946 Walraven 7407 ± 78 1.50 ± 0.03 -27.63 ± 0.30
1981 Midas 9.03 ± 0.35 7345 ± 170 1.62 ± 0.07 -22.83 ± 0.96
2011 Vétéraniya 14.82 ± 0.19 7456 ± 103 1.48 ± 0.12 -24.20 ± 1.02
2045 Peking 12.88 ± 0.24 7405 ± 30 1.48 ± 0.08 -24.42 ± 0.97
2371 Dimitrov 14.10 ± 0.18 7365 ± 65 1.41 ± 0.08 -21.81 ± 1.14
2442 Corbett 14.56 ± 0.31 7416 ± 74 1.62 ± 0.06 -28.92 ± 1.52
2468 Repin 15.23 ± 0.14 7418 ± 59 1.61 ± 0.17 -32.38 ± 0.55
2486 Metsahovi 7466 ± 157 1.59 ± 0.07 -19.17 ± 0.30
2508 Alupka 10.58 ± 0.21 7446 ± 46 1.45 ± 0.09 -25.31 ± 1.37
2511 Patterson 12.90 ± 0.29 7395 ± 70 1.55 ± 0.07 -25.89 ± 0.97
2547 Hubei 9.99 ± 0.22 7426 ± 51 1.42 ± 0.11 -20.46 ± 0.97
2566 Kirghizia 11.95 ± 0.20 7395 ± 70 1.57 ± 0.08 -25.24 ± 1.06
2579 Spartacus 15.76 ± 0.43 7385 ± 35 1.90 ± 0.07 -38.64 ± 1.31
2640 Halllstrom 10.89 ± 0.17 7446 ± 71 1.45 ± 0.08 -22.21 ± 1.07
2653 Principia 14.34 ± 0.25 7405 ± 105 1.72 ± 0.08 -31.48 ± 1.02
2704 Julian Loewe 10.51 ± 0.30 7395 ± 120 1.54 ± 0.03 -22.60 ± 1.00
2763 Jeans 12.63 ± 0.22 7416 ± 41 1.50 ± 0.10 -26.45 ± 1.31
2795 Lepage 15.01 ± 0.33 7395 ± 20 1.63 ± 0.07 -27.87 ± 0.90
2851 Harbin 19.53 ± 0.43 7355 ± 105 1.74 ± 0.07 -30.18 ± 1.66
2912 Lapalma 14.73 ± 0.31 7385 ± 60 1.72 ± 0.06 -25.07 ± 1.21
3155 Lee 19.09 ± 0.10 7456 ± 29 1.69 ± 0.03 -31.69 ± 0.60
3265 Fletcher 7.93 ± 0.23 7385 ± 110 1.33 ± 0.03 -21.80 ± 0.77
3307 Athabasca 15.44 ± 0.35 7365 ± 65 1.85 ± 0.09 -27.44 ± 1.28
3498 Belton 7.51 ± 0.25 7395 ± 220 1.35 ± 0.16 -22.61 ± 1.36
3536 Schleicher 9.60 ± 0.20 7395 ± 170 1.38 ± 0.05 -22.89 ± 1.15
3657 Ermolova 12.79 ± 0.18 7358 ± 166 1.56 ± 0.03 -23.80 ± 0.46
3782 Celle 11.37 ± 0.31 7405 ± 55 1.51 ± 0.13 -25.51 ± 0.93
3849 Incidentia 10.30 ± 0.27 7436 ± 39 1.54 ± 0.07 -27.03 ± 1.14
3850 Peltier 12.88 ± 0.31 7405 ± 105 1.65 ± 0.10 -26.54 ± 0.80
3900 Knezevic 12.78 ± 0.26 7395 ± 70 1.62 ± 0.03 -24.76 ± 0.92
3908 Nyx 9.87 ± 0.32 7345 ± 220 1.87 ± 0.01 -23.40 ± 1.03
3968 Koptelov 9.98 ± 0.14 7456 ± 111 1.32 ± 0.07 -21.47 ± 0.70
4055 Magellan 12.48 ± 0.28 7382 ± 189 1.52 ± 0.14 -18.79 ± 1.54
4147 Lennon 8.54 ± 0.18 7436 ± 179 1.31 ± 0.02 -18.70 ± 0.72
4188 Kitezh 9.97 ± 0.25 7405 ± 30 1.46 ± 0.01 -20.15 ± 1.11
4215 Kamo 11.84 ± 0.21 7416 ± 41 1.53 ± 0.02 -27.61 ± 0.70
4278 Harvey 11.78 ± 0.10 7456 ± 33 1.46 ± 0.08 -25.62 ± 0.67
4311 Zguridl 9.12 ± 0.50 7435 ± 90 1.35 ± 0.15 -16.96 ± 1.95
4434 Nikulin 9.91 ± 0.19 7426 ± 51 1.58 ± 0.06 -28.26 ± 0.65
4796 Lewis 10.49 ± 0.30 7375 ± 40 1.57 ± 0.11 -22.94 ± 1.27
4815 Anders 14.51 ± 0.16 7476 ± 291 1.26 ± 0.09 -21.32 ± 0.72
4900 Maymelou 12.33 ± 0.19 7446 ± 71 1.51 ± 0.10 -25.75 ± 0.94
4977 Rauthgundis 11.88 ± 0.32 7345 ± 145 1.67 ± 0.09 -19.97 ± 1.71
4993 Cossard 10.53 ± 0.33 7466 ± 66 1.47 ± 0.11 -22.88 ± 1.00
5111 JaclifT 13.35 ± 0.33 7405 ± 5 1.42 ± 0.01 -22.12 ± 1.66
5240 Kwasan 10.00 ± 0.19 7395 ± 95 1.49 ± 0.04 -24.54 ± 0.99
5481 Kiuchi 18.32 ± 0.19 7385 ± 188 1.69 ± 0.22 -35.40 ± 0.58
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Object Slope A (%/10:iÀ) Maximum (À) Depth Slope B (%/103À)
5604 1992 FE
6159 1991 YH
6611 1993 VW
7148 Reinholdbien
7558 Yurlov
7889 1994 LX
10037 1984 BQ
10537 1991 RY16
11699 1998 FL105
11876 Doncarpenter
21238 Panarea
22533 Krishnan
24941 1997 JM14
28517 2000DD7
33082 1997 WF43
38070 Redwine
40521 1999 RL95
42947 1999 TB98
56570 2000 JA21
60669 2000 GE4
66268 1999 JJ3
91290 1999 FR25
238063 2003 EG
2003 FU3
2003 GJ21
3268 De Sanctis
4038 Kristina
6406 Vanavara
8693 Matsuki
5379 Abehiroshi
2003 FT3
14.71 ± 0.32
14.38 ± 0.15
11.81 ± 0.29
12.56 ± 0.06
13.05 ± 0.24
8.96 ± 0.71
13.83 ± 0.08
8.79 ± 0.39
7.59 ± 0.30
8.24 ± 0.17
10.09 ± 0.15
6.49 ± 0.80
10.86 ± 0.15
11.47 ± 0.16
8.71 ± 0.23
14.79 ± 0.25
9.99 ± 0.19
7.87 ± 0.16
14.68 ± 0.24
13.30 ± 0.29
12.25 ± 0.19
8.67 ± 0.37
5.87 ± 0.26
3.14 ± 0.24
3.15 ± 0.1
9.95 ± 0.19
13.04 ± 0.14
11.82 ±0.07
10.04 ± 0.64
5.62 ± 0.23
7385 ± 105
7358 ± 208
7405 ± 155
7405 ± 134
7445 ± 42
7314 ± 214
7417 ± 39
7435 ± 27
7550 ± 13
7408 ± 202
7373 ± 189
7510 ± 309
7476 ± 61
7435 ± 23
7459 ± 6
7385 ± 73
7382 ± 283
7338 ± 137
7476 ± 39
7398 ± 143
7470 ± 28
7409 ± 208
7479 ± 56
7385 ± 179
7392 ± 388
7557 ± 76
7720 ± 69
7567 ± 37
7418 ± 111
7446 ± 10
7453 ± 155
2.06 ± 1.14
1.55 ± 0.27
1.63 ± 0.20
1.51 ± 0.10
1.44 ± 0.06
2.08 ± 0.47
1.42 ± 0.06
1.45 ± 0.01
1.80 ± 0.55
1.34 ± 0.01
1.50 ± 0.03
1.55 ± 0.07
1.78 ± 0.59
1.62 ± 0.17
1.73 ± 0.16
1.18 ± 0.18
1.10 ± 0.07
1.10 ± 0.04
1.31 ± 0.05
1.21 ± 0.06
1.25 ± 0.08
1.24 ± 0.03
1.74 ± 0.10
1.18 ± 0.10
-40.57 ± 3.75
-23.31 ± 0.70
-29.95 ± 1.72
-23.80 ± 0.57
-26.29 ± 0.73
-29.85 ± 2.80
-26.91 ± 0.35
-26.73 ± 0.58
-23.83 ± 1.30
-25.72 ± 0.67
-28.58 ± 0.79
-26.22 ± 1.36
-26.55 ± 1.66
-27.31 ± 1.86
-28.45 ± 1.43
-12.73 ± 1.38
-8.02 ± 0.88
-6.11 ± 0.45
-19.89 ± 0.88
-19.00 ± 0.59
-12.27 ± 0.63
-15.19 ± 0.26
-39.51 ± 2.50
-12.96 ± 1.48
Vestoids
Fugitives
IO
NEAs
Low-i
MOVs
Control sample
11.80 ±2.89
13.59 ± 1.63
11.86 ±4.86
8.46 ±3.95
11.71 ±1.87
10.90 ± 3.09
12.87 ± 3.16
7429
7429
7432
7389
7427
7405
7421
±67
±46
±61
± 49
± 35
± 34
± 46
1.47 ±
1.58 ±
1.52 ±
1.53 ±
1.53 ±
1.64 ±
0.15
0.15
0.15
0.38
0.12
0.16
1.52 ± 0.10
-24.14 ± 4.34
-26.85 ± 5.88
-26.26 ± 4.19
-20.52 ± 10.94
-25.93 ± 4.85
-27.68 ± 2.86
-26.23 ± 3.80
3.2.2 Near Infrared range
V-type asteroids are characterised in the NIR range by the presence of
two deep absorption features, due to pyroxene minerais, at 0.9 and 1.9 /im,
hereafter BI and BII. These bands are caused by the Fe2+ electronic transi
tions in the Ml and M2 crystallographic sites of pyroxene structure (Gaffey
et al. 2002). According to laboratory experiments, two parameters are the
most diagnostic to infer mineralogical properties: band minimum and band
séparation (BII minimum - BI minimum). Cloutis et al. (1990) discovered
that both BII minima and band séparation increase with the increasing iron
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Figure 3.5: Analysis of 69 near-infrared spectra of V-type asteroids. Left
panel: BII vs BI minimum for different dynamical groups (Vestoids, fugitives,
10s, Low-i, MOVs and NEAs); I also reported spectral parameters for the
control sample. Right panel: BII minimum vs Band séparation, divided
by dynamical groups. My results, computed on a larger dataset, are in
agreement with the linear relation found by Duffard et al. (2004) and De
Sanctis et al. (2011b).
content. For 69 V-types of my sample having only NIR spectra I computed
band minima using standard procedures (Gaffey et al. 2002), fitting each
band with 2nd order polynomial fit. Errors were computed using a Monte
Carlo simulation, randomly sampling data 100 times and taking the standard
déviation as incertitude. BI minima, BII minima and band séparations are
shown in Tab. 3.3.
In Fig. 3.5a I plot BI minimum vs BII minimum for ail of the NIR database.
Vesta family members seem to regroup at shorter BI and BII minima, in-
side the région defined by the control sample, although 6331 shows liigher
BII minimum: this is probably due to the low S/N noise in the BII ré
gion for this spectrum; 3498 and 10349 are inside the control sample région
adding the experimental errors. Fugitives and IOs are in good agreement
with Vesta family members, although some objects (854, 2579) shows un-
usual higher BI/BII minima. 21238, one of the three MOV confirmed in
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the NIR range, shows instead the lowest BI/BII minima. NEAs regroup
at longer BI/BII minima respect to Vesta family. Low-i seems instead to
be compatible with the control sample région, although their distribution is
shifted towards longer BI/BII minima wavelenghts.
In Fig. 3.5b I plotted BII minima versus band séparations. Data show a
clear linear trend, given by:
y = 0.926395a; - 0.780845 (3.1)
This corrélation, based on the largest dataset of V-types ever collected,
confirmed the original work of Cloutis et al. (1990), performed on a sample of
meteorite spectra and it is an improvement of the linear fit found by Duffard
et al. (2004) and De Sanctis et al. (2011b), obtained for 14 and 12 V-type
asteroids respectively. Different dynamical groups seem to range overall the
general trend, while most of the Vesta family members appear to hâve lower
band séparation, in agreement with Fig. 3.5a, showing low amount of iron.
V-type NEAs seem to range ail over the linear trend, showing both low and
high iron content. I computed the linear fit for each dynamical class and they
ail seem to agréé to the general relation found for the global sample of V-types
adding the error bars, computed in this case with a maximum/minimum slope
method.
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Table 3.3. Infrared spectra analysis
Object BI minimum (/irri) BII minimum (/irn) Band séparation (pm)
809 Lundia 0.921 ± 0.002 1.939 db 0.001 1.02 ± 0.01
854 Frostia 0.950 ± 0.001 2.000 ± 0.002 1.05 ± 0.01
956 Elisa 0.922 ± 0.002 1.929 ± 0.002 1.01 ± 0.01
1459 Magnya 0.928 ± 0.001 1.923 ± 0.001 1.00 ± 0.01
1468 Zomba 0.923 ± 0.002 1.973 ± 0.003 1.05 ± 0.01
1929 Kollaa 0.927 ± 0.003 1.957 ± 0.003 1.03 ± 0.01
1933 Tinchen 0.916 ± 0.008 1.939 ± 0.002 1.02 ± 0.01
1981 Midas 0.930 ± 0.002 2.020 ± 0.011 1.09 ± 0.01
2011 Veteraniya 0.916 ± 0.002 1.952 ± 0.006 1.04 ± 0.01
2045 Peking 0.926 ± 0.002 1.939 ± 0.002 1.01 ± 0.01
2371 Dimitrov 0.920 ± 0.002 1.972 ± 0.006 1.05 ± 0.01
2442 Corbett 0.922 ± 0.001 1.935 ± 0.001 1.01 ± 0.01
2511 Patterson 0.925 ± 0.002 1.955 ± 0.004 1.03 ± 0.01
2566 Kirghizia 0.925 ± 0.002 1.958 ± 0.006 1.03 ± 0.01
2579 Spartacus 0.935 ± 0.004 1.990 ± 0.012 1.06 ± 0.02
2653 Principia 0.925 ± 0.001 1.964 ± 0.007 1.04 ± 0.01
2763 Jeans 0.930 ± 0.002 1.995 ± 0.003 1.07 ± 0.01
2795 Lepage 0.928 ± 0.002 1.950 ± 0.003 1.02 ± 0.01
2823 van der Laan 0.925 ± 0.001 1.953 ± 0.005 1.03 ± 0.01
2851 Harbin 0.920 ± 0.001 1.907 ± 0.004 0.99 ± 0.01
2912 Lapalma 0.920 ± 0.001 1.927 ± 0.003 1.01 ± 0.01
3155 Lee 0.910 ± 0.002 1.913 ± 0.007 1.00 ± 0.01
3498 Belton 0.917 ± 0.006 1.889 ± 0.021 0.97 ± 0.03
3613 Kunlun 0.960 ± 0.004 1.943 ± 0.006 0.98 ± 0.01
3657 Ermolova 0.921 ± 0.001 1.919 ± 0.003 1.00 ± 0.01
3703 Volkonskaya 0.915 ± 0.004 1.932 ± 0.007 1.02 ± 0.01
3782 Celle 0.920 ± 0.002 1.942 ± 0.004 1.02 ± 0.01
3908 Nyx 0.923 ± 0.003 1.943 ± 0.004 1.02 ± 0.01
3968 Koptelov 0.922 ± 0.009 1.905 ± 0.001 0.98 ± 0.01
4055 Magellan 0.920 ± 0.001 1.925 ± 0.003 1.01 ± 0.01
4215 Kamo 0.920 ± 0.002 1.945 ± 0.014 1.03 ± 0.02
4796 Lewis 0.925 ± 0.002 1.951 ± 0.008 1.03 ± 0.01
5111 JaclifT 0.920 ± 0.002 1.940 ± 0.001 1.02 ± 0.01
5481 Kiuchi 0.919 ± 0.002 1.939 ± 0.008 1.02 ± 0.01
5498 Gustafsson 0.928 ± 0.001 1.967 ± 0.002 1.04 ± 0.01
5604 1992 FE 0.918 ± 0.002 1.953 ± 0.009 1.04 ± 0.01
6331 1992 FZ1 0.901 ± 0.002 2.054 db 0.002 1.15 ± 0.01
6611 1993 VW 0.930 ± 0.001 2.000 ± 0.002 1.07 ± 0.01
7148 Reinholdbien 0.928 ± 0.008 1.942 ± 0.021 1.01 ± 0.03
7800 Zhongkeyuan 0.921 ± 0.002 1.932 ± 0.019 1.01 db 0.02
7889 1994 LX 0.930 ± 0.003 1.937 ± 0.005 1.01 ± 0.01
9481 Menchu 0.931 ± 0.001 1.931 ± 0.008 1.00 ± 0.01
9553 Colas 0.922 ± 0.001 1.923 ± 0.003 1.00 ± 0.01
10349 1992 LN 0.905 ± 0.005 1.922 ± 0.016 1.02 ± 0.02
11699 1998 FL105 0.916 ± 0.002 1.938 ± 0.003 1.02 ± 0.01
16416 1987 SM3 0.923 ± 0.003 1.963 ± 0.013 1.04 ± 0.02
16651 1993 TS11 0.925 ± 0.005 1.910 ± 0.011 0.99 ± 0.02
21238 Panarea 0.910 ± 0.004 1.887 ± 0.009 0.98 ± 0.01
26886 1994 TJ2 0.913 ± 0.001 1.906 ± 0.007 0.99 ± 0.01
27343 Deannashea 0.917 ± 0.002 1.914 ± 0.004 1.00 ± 0.01
33881 2000 JK66 0.929 ± 0.001 1.930 ± 0.004 1.00 ± 0.01
36412 2000 OP49 0.930 ± 0.003 1.961 ± 0.010 1.03 ± 0.01
38070 Redwine 0.932 ± 0.002 1.958 ± 0.007 1.03 ± 0.01
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Object BI minimum (/im) BII minimum (^m) Band séparation (/jm)
42947 1999 TB98 0.924 ± 0.008 1.928 ± 0.009 1.00 ± 0.02
50098 2000 AG98 0.925 ± 0.002 1.947 ± 0.004 1.02 ± 0.01
52750 1998 KK17 0.925 ± 0.002 1.985 ± 0.006 1.06 ± 0.01
66268 1999 JJ3 0.923 ± 0.010 1.920 ± 0.011 1.00 ± 0.02
97276 1999 XC143 0.934 ± 0.002 2.025 ± 0.008 1.09 ± 0.01
88188 2000 XH44 0.920 ± 0.002 1.975 ± 0.003 1.06 ± 0.01
137924 2000 BD19 0.937 ± 0.005 1.952 ± 0.010 1.02 ± 0.01
192563 1998 WZ6 0.920 ± 0.003 2.005 ± 0.014 1.09 ± 0.02
253841 2003 YG118 0.925 ± 0.003 1.962 ± 0.007 1.04 ± 0.01
297418 2000 SP43 0.938 ± 0.002 2.038 ± 0.012 1.10 ± 0.01
326290 Akhenaten 0.930 ± 0.007 1.950 ± 0.045 1.02 ± 0.05
2001 YE4 0.930 ± 0.002 1.985 ± 0.007 1.06 ± 0.01
2005 WX 0.930 ± 0.013 1.933 ± 0.028 1.00 ± 0.04
2008 BT18 0.919 ± 0.001 1.955 ± 0.006 1.04 ± 0.01
2011 YA 0.925 ± 0.002 1.970 ± 0.005 1.05 ± 0.01
2013 KL6 0.933 ± 0.005 1.943 ± 0.029 1.01 ± 0.03
Vestoids 0.919 ± 0.007 1.937 ± 0.031 1.02 ± 0.04
Fugitives 0.925 ± 0.005 1.948 ± 0.022 1.02 ± 0.02
IO 0.931 ± 0.012 1.953 ± 0.036 1.02 ± 0.03
NEAs 0.927 ± 0.006 1.968 ± 0.032 1.04 ± 0.03
Low-i 0.924 ± 0.006 1.953 ± 0.031 1.03 ± 0.03
MOVs 0.919 ± 0.002 1.905 ± 0.005 0.98 ± 0.02
Control sample 0.920 ± 0.005 1.938 ± 0.013 1.02 ± 0.02
3.3 Mineralogy
To further investigate possible différences between different dynamical
groups of V-types I conducted a mineralogical analysis, using different tools.
First I used the Modified Gaussian Model, developed by Sunshine et al.
(1990) to compare the relative percentage of orthopyroxene and clinopyrox-
ene in basaltic assemblages. Then I performed a comparison with meteorites
in order to characterize the prédominant lithology (diogenites, howardites or
eucrites) among the analyzed V-types. I used the band depth as a proxy to
put some constraints on the grain size of the surface of V-type asteroids. Fi-
nally, I computed the molar composition of iron and calcium content starting
from the position of BI and BII center.
3.3.1 Modified Gaussian Model
Basaltic material appears in nature as a single component or as a mix
ture of two kinds of pyroxene (orthopyroxene, OPX and clinopyroxene, CPX).
Diogenites are mainly composed of orthopyroxene, while eucrites and howardites
are a rnix of the two pyroxene minerais, having absorption features in an in-
termediate position between pure orthopyroxene and pure clinopyroxene. It’s
not always easy to discern between these two models (OPX and OPX+CPX)
without a careful spectral analysis, usually performed with the Modified
Gaussian Model. This basic approach, developed by Sunshine et al. (1990,
1993), deconvolve absorption features into discrète mathematical distribu
tions (modified gaussians), each described by a centre, width and strenght.
While band centres and widths do not change, the relative strength of the
two major absorption bands of OPX and CPX near 1 and 2 /.im vary sys-
tematically with abundance. By computing the ratio of the OPX /CPX
strength one can define the Component Band Strength Ratio (CBSR) which
vary logarithmically with the orthopyroxene/clinopyroxene ratio.
I started by deconvolve the spectra of the 34 V-types of the sample having
both visible and NIR spectra, using only orthopyroxene input parameters
(six absorption band centers, widths and strengths). Once the initial fit was
obtained, I carefully checked that the residual error between the fit and the
spectra was minimum and not asymmetrical with the modeled absorption
band. The présence of an offset is typical for poorly modeled fits, and it
is diagnostic for the presence of additional bands (for further details see
Sunshine et al. 1993), due to clinopyroxene, plagiocase, olivine... etc. If
the fit was not acceptable I restarted the deconvolution using a mix of 75/25
OPX/CPX input parameters (eight absorption centres, widths and strenghts)
derived in Sunshine et al. (1993), and following the same procedure. Then
I computed the CBSR, which should be approximately the same for the 1
and 2 \im région, and related to the CPX/OPX percentage. For two V-types
(1933 and 11699), due to the low S/N, I haven’t found an acceptable fit with
neither one of the two models, and I decided to not deconvolve them. The
obtained results are summarized in Tab. 3.4.
16 V-types of the VNIR sample were best modeled using only a single py-
roxene model (Tab. 3.4) and seems to hâve a composition similar to diogenite
meteorites. 5111 Jacliff was modeled using an additional band to account
for the Ml site absorption (Burns et al. 1993), often masked by the most
prominent M2 site absorption. Comparing MGM centres and MGM widths
there seems to be no diversity between Vesta family and non vestoids (fugi
tives, low-i, 10 and MOVs, Tab. 3.4), with the exception of 21238 Panarea,
that shows the lowest OPX absorption centres at both 1 and 2 fim. NEAs
show higher absorption depths, in agreement with my previous analysis.
Other 16 V-types of my sample were modeled using both OPX and CPX
absorption bands (Tab. 3.4) and therefore hâve a composition similar to
eucrites or howardites. There is no homogeneity in the V-type sample, with
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Table 3.4: Deconvolution of the Y-type spectra according to the 1 or 2-pyroxene model of the MGM.
Group Object Extra Ml
Centres (/im)
OPX-1 OPX-2 Extra Ml
Widths (jum)
OPX-1 OPX-2 Extra Ml
Strengths
OPX-1 OPX-2
Family 2045 Peking 0.921 1.947 0.247 0.564 -0.840 -0.465
2511 Patterson 0.920 1.939 0.241 0.599 -0.862 -0.533
3155 Lee 0.906 1.911 0.214 0.582 -0.823 -0.673
3657 Ermolova 0.915 1.912 0.242 0.495 -0.850 -0.610
3782 Celle 0.920 1.932 0.222 0.564 -0.700 -0.459
4215 Kamo 0.916 1.945 0.208 0.595 -0.588 -0.406
5111 Jacliff 0.799 0.933 1.930 0.249 0.181 0.398 -0.296 -0.493 -0.398
5481 Kiuchi 0.921 1.932 0.242 0.610 -0.969 -0.572
Non vestoids 2371 Dimitrov 0.923 1.956 0.226 0.590 -0.821 -0.492
(low-i, 2851 Harbin 0.915 1.911 0.235 0.635 -0.980 -0.637
IOs, MOVs, 2912 Lapalma 0.918 1.923 0.249 0.592 -1.008 -0.650
fugitives) 7148 Reinholdbien 0.917 1.932 0.240 0.525 -0.911 -0.457
21238 Panarca 0.907 1.879 0.283 0.719 -1.035 -0.820
NEAs 3908 Nyx 0.920 1.913 0.267 0.647 -1.101 -0.843
4055 Magellan 0.914 1.888 0.248 0.627 -0.995 -0.757
5604 1992FE 0.920 1.878 0.220 0.544 -0.795 -0.554
Group Objcct
Cen. (fini)
OPX-1 CPX-1 OPX-2 CPX-2
Wid. (/^m)
OPX-1 CPX-1 OPX-2 CPX-2
Stren.
OPX-1 CPX-1 OPX-2 CPX-2 %CPX
Family 1929 Kollaa 0.873 0.976 1.878 2.193 0.232 0.184 0.527 0.563 -0.674 -0.399 -0.481 -0.242 47-52
2011 Veteraniya 0.884 0.992 1.880 2.247 0.200 0.195 0.540 0.590 -0.677 -0.334 -0.371 -0.175 44-45
Non vestoids 809 Lundia 0.904 1.011 1.906 2.224 0.229 0.190 0.616 0.561 -0.965 -0.176 -0.624 -0.129 20-21
(low-i, 854 Frostia 0.891 0.994 1.892 2.219 0.195 0.179 0.494 0.583 -0.369 -0.348 -0.344 -0.297 66-68
IOs, MOVs, 956 Elisa 0.898 1.004 1.885 2.144 0.208 0.144 0.624 0.567 -0.894 -0.234 -0.546 -0.149 26-27
fugitives) 1459 Magnya 0.894 0.996 1.838 2.042 0.192 0.118 0.565 0.412 -0.689 -0.333 -0.681 -0.342 45-47
2442 Corbett 0.882 0.988 1.853 2.183 0.204 0.160 0.541 0.547 -0.767 -0.342 -0.534 -0.273 42-47
2566 Kirghizia 0.898 0.979 1.928 2.462 0.228 0.172 0.606 0.628 -0.671 -0.195 -0.620 -0.195 28-31
2579 Spartacus 0.894 1.003 1.908 2.208 0.188 0.175 0.522 0.572 -0.648 -0.375 -0.419 -0.228 49-52
2653 Principia 0.889 0.976 1.883 2.183 0.207 0.189 0.541 0.597 -0.591 -0.336 -0.436 -0.243 51
2763 Jeans 0.892 0.973 1.900 2.194 0.205 0.204 0.540 0.630 -0.447 -0.383 -0.354 -0.239 58-66
2795 Lepage 0.883 0.986 1.863 2.171 0.207 0.173 0.541 0.559 -0.593 -0.306 -0.449 -0.246 47-49
38070 Redwine 0.891 0.988 1.852 2.150 0.200 0.172 0.542 0.548 -0.519 -0.300 -0.366 -0.231 52-55
NEAs 1981 Midas 0.868 0.988 1.826 2.195 0.189 0.188 0.542 0.520 -0.558 -0.533 -0.430 -0.397 68
6611 1993VW 0.899 0.982 1.893 2.232 0.202 0.210 0.540 0.633 -0.473 -0.321 -0.357 -0.268 58-61
7889 1994LX 0.884 0.995 1.861 2.203 0.175 0.142 0.540 0.651 -0.811 -0.426 -0.634 -0.319 47-48
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relative percentage CPX/(OPX+CPX) ranging from 20% (809 Lundia) to
almost 68% (854 Frostia and 1981 Midas). The only two objects belonging
to the Vesta family seem to hâve a similar pyroxene composition, with a
44-52% of CPX (Tab. 3.4); on the contrary non vestoid objects show a wide
spread of CPX percentage (from 20 to 68%) with no particular corrélation
with the dynamical group. Two NEAs show a great CPX composition (61-
68%), similar only with the 10 854 Frostia.
3.3.2 HED comparison
For 34 V-types with both visible and infrared spectra I computed band
centres and band depths. Band centres were evaluated removing the contin
uum between the two local maxima at 0.7 and 1.2-1.4 /im and then fitting
each band with a 2nd order polynomial fit; band depths were computed di-
viding the réflectance at the band centre by the réflectance of the continuum
at the same wavelength, following the procedures described by De Sanctis
et al. (2012). Spectral parameters were computed on V-type asteroids and
on a set of spectra of HED meteorites taken from the RELAB database. I
considered the whole sample of diogenites and howardites and a comparable
number of eucrites. The obtained spectral parameters are shown in Tab. 3.5
- 3.6. In principle, to compare band centre positions for main belt asteroids
and meteorites a température correction should be applied, because of the
different températures of the two samples: meteorites are analyzed at room
température, while asteroids hâve typically lower températures, depending
on their distance from the sun. I noticed that for main belt V-types the
température différence is small enough that the correction is well inside the
computed errors; for NEAs instead the température différences can be im
portant, so I decided to apply to NEAs spectra the Burbine et al. (2009)
corrections:
BIcorr = 0.0047 - 0.000015 x T(K) (3.2)
BIIcorr = 0.044 - 0.00015 x T{K) (3.3)
I compared band centres for different dynamical groups (Fig. 3.6a), along
with the same spectral parameters computed for the HED suite. Diogenites
show BI-BII centres at lower wavelengths, while eucrites hâve longer BI-BII
centres wavelengths. Howardites being a mix of diogenites/eucrites compo
sition show intermediate BI-BII centres.
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Figure 3.6: Analysis of VNIR spectra for V-type asteroids. Left panel: BII
vs BI centres divided by dynamical groups, along with band parameters for a
sample of diogenites, howardites and eucrites. Right panel: BII vs BI depths
for VNIR V-types divided by dynamical groups. I also reported values for
eucrites of different grain sizes, taken from the RELAB database.
In Fig. 3.6a the dynamical groups seems to range from diogenites to
eucrites with no apparent clustering: among five V-types showing a probable
eucritic composition, there are two NEAs (1981 and 6611), a 10 (854), a
fugitive (2579) and a low-i (2763). A few V-types hâve spectral parameters
compatible with pure diogenite, while the majority of V-types hâve spectral
parameters compatible with howardites. Tins is in good agreement with
the recent findings from the Dawn spacecraft, which orbited Vesta in 2011-
2012 and spectroscopically mapped almost the entire surface, computing an
average composition for Vesta similar to howardites (De Sanctis et al. 2012).
No surprise here that the control sample is in agreement with an howardite
composition. I also confirmed the spectral analogy found with howardites
for the fugitive 809 Lundia (Birlan et al. 2014) and the family member 1929
Kollaa (Kelley et al. 2003).
The depth of the absorption feature around 1 and 2 fim (hereafter band
depth) can be used as a proxy to infer regolith properties of V-type asteroids,
as investigated by Hiroi et al. (1995). It is known that pyroxene band
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depths in HED meteorites increase with the increasing grain size (Cloutis
et al. 2013). I compared my database of V-types with eucrites of different
grain size taken from the RELAB database. For diogenites and howardites I
considered only meteorite samples with grain sizes < 25 /un, since for both of
them is available on RELAB database only one sample of grain sizes > 25 /rm.
My analysis, based on a considerably larger dataset than Hiroi et al. (1995),
shows and confirais that the majority of V-types are compatible with eucrites
and howardites of a grain size < 25/un (Fig. 3.6b). There is also a group
of clustered fugitives (809, 956, 2912) with similar band depths, in a région
compatible with eucrites of a grain size in the 25-45 p,m range; two NEAs
(3908, 7889) and 1459 Magnya show an affinity with eucrites of grain size
45 — 75 fim. NEAs and MOVs show the greatest values for band depths.
This supports the results obtained on the basis of the analysis in the visible
range.
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Table 3.5: VNIR spectra analysis
Object BI centre (pm) BI depth BII centre (/im) BII depth [Wo](%mol) [Fs](%mol)
809 Lundia 0.934 ± 0.001 0.487 dh 0.004 1.947 ± 0.002 0.401 ± 0.004 8.36 39.27
854 Frostia 0.950 ± 0.002 0.381 ± 0.001 1.980 ± 0.002 0.307 ± 0.008 12.84 50.86
956 Elisa 0.930 ± 0.001 0.476 ± 0.006 1.933 ± 0.002 0.406 ± 0.004 7.00 35.78
1459 Magnya 0.931 ± 0.001 0.527 ± 0.005 1.924 ± 0.002 0.552 ± 0.003 6.84 35.37
1929 Kollaa 0.935 ± 0.001 0.453 ± 0.002 1.945 ± 0.002 0.375 ± 0.003 8.47 39.58
1933 Tinchen 0.924 ± 0.002 0.322 ± 0.009 1.915 ± 0.007 0.192 ± 0.002 5.10 30.86
1981 Midas 0.935 ± 0.002 0.460 ± 0.003 1.990 ± 0.010 0.335 ± 0.006 10.27 44.21
2011 Veteraniya 0.925 ± 0.001 0.408 ± 0.008 1.939 ± 0.005 0.259 ± 0.007 6.25 33.84
2045 Peking 0.933 ± 0.001 0.424 ± 0.008 1.946 ± 0.003 0.333 ± 0.009 8.12 38.66
2371 Dimitrov 0.932 ± 0.001 0.430 ± 0.007 1.945 ± 0.002 0.312 ± 0.006 7.88 38.04
2442 Corbett 0.930 ± 0.002 0.473 ± 0.007 1.942 ± 0.002 0.389 ± 0.002 7.36 36.71
2511 Patterson 0.930 ± 0.002 0.435 ± 0.007 1.935 ± 0.003 0.343 ± 0.001 7.08 35.99
2566 Kirghizia 0.930 ± 0.001 0.438 ± 0.001 1.940 ± 0.002 0.359 ± 0.001 7.28 36.51
2579 Spartacus 0.937 ± 0.002 0.490 ± 0.004 1.975 ± 0.002 0.338 ± 0.004 10.07 43.69
2653 Principia 0.930 ± 0.002 0.464 ± 0.003 1.955 ± 0.003 0.364 ± 0.006 7.88 38.05
2763 Jeans 0.940 ± 0.002 0.418 ± 0.002 1.970 ± 0.003 0.315 ± 0.001 10.46 44.71
2795 Lepage 0.935 ± 0.002 0.428 ± 0.006 1.940 ± 0.002 0.367 ± 0.002 8.27 39.06
2851 Harbin 0.920 ± 0.002 0.489 ± 0.006 1.910 ± 0.006 0.396 ± 0.003 4.10 28.30
2912 Lapalma 0.927 ± 0.002 0.505 ± 0.003 1.923 ± 0.002 0.415 ± 0.005 6.01 33.22
3155 Lee 0.915 ± 0.002 0.428 ± 0.009 1.905 ± 0.002 0.381 ± 0.006 2.91 25.23
3657 Ermolova 0.932 ± 0.001 0.455 ± 0.007 1.921 ± 0.002 0.433 ± 0.001 6.92 35.57
3782 Celle 0.930 ± 0.001 0.395 ± 0.007 1.930 ± 0.003 0.298 ± 0.006 6.88 35.48
3908 Nyx 0.930 ± 0.002 0.557 ± 0.008 1.920 ± 0.010 0.453 ± 0.005 6.48 34.45
4055 Magellan 0.920 ± 0.002 0.481 ± 0.005 1.920 ± 0.010 0.441 ± 0.009 4.50 29.33
4215 Kamo 0.925 ± 0.002 0.367 ± 0.005 1.925 ± 0.003 0.250 ± 0.003 5.69 32.40
5111 Jacliff 0.925 ± 0.002 0.360 ± 0.007 1.935 ± 0.004 0.274 ± 0.006 6.09 33.43
5481 Kiuchi 0.931 ± 0.001 0.461 ± 0.010 1.931 ± 0.002 0.370 ± 0.010 7.12 36.09
5604 1992 FE 0.925 ± 0.002 0.476 ± 0.005 1.910 ± 0.010 0.347 ± 0.007 5.09 30.86
6611 1993 VW 0.935 ± 0.002 0.446 ± 0.006 1.975 ± 0.010 0.296 ± 0.003 9.67 42.67
7148 Reinholbien 0.933 ± 0.002 0.468 ± 0.002 1.925 ± 0.004 0.257 ± 0.008 7.28 36.50
7889 1994 LX 0.935 ± 0.002 0.569 ± 0.009 1.910 ± 0.010 0.466 ± 0.002 7.08 35.98
11699 1998 FL105 0.928 ± 0.002 0.391 ± 0.008 1.938 ± 0.002 0.354 ± 0.006 6.81 35.28
21238 Panarea 0.915 ± 0.002 0.465 ± 0.009 1.882 ± 0.004 0.435 ± 0.002 2.00 22.86
38070 Redwine 0.936 ± 0.002 0.407 ± 0.004 1.946 ± 0.003 0.328 ± 0.006 8.71 40.19
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Table 3.6. HED spectra analysis
Meteorite Type Grainsize BI centre
(/rm)
BI depth BII centre
(/rm)
BII depth [Wo]
(%mol)
[Fs]
(%mol)
A-881526 D < 25/rm 0.920 0.640 1.885 0.415 25.73 3.11
Aioun el Atrouss D < 25/rm 0.925 0.625 1.900 0.416 29.83 4.69
EETA79002 D < 25/rm 0.920 0.502 1.890 0.291 26.24 3.31
GR095555 D < 25/rm 0.920 0.618 1.905 0.406 27.79 3.9
Johnstown D < 25/rm 0.930 0.483 1.950 0.316 37.53 7.68
LAP91900 D < 25/rm 0.920 0.729 1.890 0.653 26.24 3.31
Roda D < 25/rm 0.925 0.602 1.902 0.445 30.04 4.77
Shalka D < 25/rm 0.920 0.603 1.897 0.476 26.96 3.58
Tatahouine D < 25/rm 0.920 0.625 1.895 0.406 26.76 3.5
Y-74013 D < 25/rm 0.925 0.414 1.920 0.242 31.89 5.49
Y-75032 D < 25/rm 0.925 0.511 1.935 0.299 33.43 6.09
Rinda H < 25/rm 0.925 0.650 1.935 0.444 33.43 6.09
Bununu H < 25/rm 0.925 0.437 1.945 0.240 34.46 6.49
EET83376 H < 25/rm 0.935 0.453 1.965 0.289 41.64 9.27
EET87503 H < 25/rm 0.930 0.419 1.955 0.255 38.05 7.88
EET87513 H < 25/r,m 0.935 0.364 1.965 0.188 41.64 9.27
Frankfort H < 25/rm 0.930 0.509 1.940 0.313 36.51 7.28
GR095535 H < 25/rm 0.930 0.420 1.950 0.243 37.53 7.68
GR095574 H < 25/rm 0.930 0.478 1.940 0.313 36.51 7.28
Kapoeta H < 25/rm 0.930 0.401 1.950 0.204 37.53 7.68
Le Teilleul H < 25/rm 0.930 0.551 1.935 0.362 35.99 7.08
Pavlovka H < 25/rm 0.920 0.527 1.927 0.393 30.05 4.78
Petersburg H < 25/rm 0.935 0.432 1.970 0.275 42.15 9.47
QUE94200 H < 25/rm 0.925 0.475 1.920 0.296 31.89 5.49
Y-7308 H < 25/rm 0.925 0.571 1.935 0.368 33.43 6.09
Y-790727 H < 25/rm 0.930 0.484 1.950 0.316 37.53 7.68
Y-791573 H < 25/rm 0.925 0.462 1.940 0.287 33.95 6.29
A-881819 E < 25/rm 0.930 0.475 1.960 0.282 38.56 8.08
ALH-78132 E < 25/rm 0.930 0.421 1.960 0.262 38.56 8.08
ALH-78132 E 25-45/im 0.930 0.577 1.955 0.425
ALH-78132 E 45-75/rm 0.930 0.614 1.960 0.496
ALHA76005 E < 25/rm 0.935 0.381 1.980 0.229 43.18 9.87
ALHA76005 E 25-45/rm 0.935 0.489 1.980 0.364
ALHA76005 E 45-75/rm 0.940 0.551 1.975 0.446
ALHA81001 E < 25/rm 0.935 0.311 2.005 0.218 45.75 10.87
Bereba E < 25/rm 0.925 0.423 1.970 0.304 37.03 7.49
EETA79005 E < 25/rm 0.935 0.461 1.965 0.293 41.64 9.27
Ibitira E < 25/rm 0.940 0.597 1.985 0.328 46.25 11.06
Juvinas E < 25/rm 0.935 0.466 1.990 0.281 44.21 10.27
Juvinas E 25-45/rm 0.940 0.593 1.980 0.438
Juvinas E 45-75/rm 0.940 0.620 1.975 0.497
LEW85303 E < 25/rm 0.945 0.408 2.015 0.238 51.9 13.25
LEW87004 E < 25/rm 0.935 0.425 1.975 0.246 42.67 9.67
Millbillillie E < 25/rm 0.940 0.336 2.005 0.206 48.31 11.86
Millbillillie E 25-45/rm 0.935 0.586 1.995 0.399
Millbillillie E 45-75/rm 0.940 0.591 1.995 0.434
Nobleborough E < 25/rm 0.930 0.440 1.977 0.308 40.31 8.76
Pasamonte E < 25/rm 0.935 0.402 1.992 0.264 44.42 10.35
PCA82501 E < 25/rm 0.945 0.337 1.985 0.229 48.81 12.05
PCA82502 E < 25/rm 0.940 0.462 2.005 0.314 48.31 11.86
PCA91007 E < 25/rm 0.950 0.458 1.990 0.404 51.89 13.24
Serra de Mage E < 25/rm 0.930 0.439 1.960 0.270 38.56 8.08
Continue on next page
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Meteorite Type Grainsize BI centre
(pm)
BI depth BII centre
Gm)
BII depth [Wo]
(%mol)
[Fs]
(%mol'
Sioux County E < 25/im 0.930 0.356 1.970 0.279 39.59 8.48
Stannern E < 25pm 0.940 0.402 2.000 0.244 47.8 11.66
Stannern E 25-45lira 0.940 0.518 1.995 0.398
Y-74450 E < 25/im 0.930 0.376 1.980 0.193 40.62 8.88
Y-74450 E 25-45/im 0.935 0.530 1.970 0.342
Y-74450 E 45-75/im 0.935 0.568 1.970 0.407
Y-792769 E < 25/jm 0.940 0.397 2.005 0.217 48.31 11.86
Y-793591 E < 25/jm 0.940 0.399 1.995 0.241 47.28 11.46
Y-82082 E < 25/im 0.945 0.384 2.010 0.228 51.39 13.05
3.3.3 Iron-calcium content
Band centres are very diagnostic spectral parameters to infer minerai-
ogy in V-type asteroids. Over the last décades several authors studied the
relationship between these parameters and olivine and pyroxene mineralogy
(Adams 1974). It is known that the position of band centres in orthopyrox-
ene assemblages shifts to longer wavelengths with increasing iron contents,
while for clinopyroxene the same phenomenon happens for increasing cal
cium content (Gaffey et al. 2002). For this reason, from the position of band
centres at 1 and 2 pra one can infer the molar contents of calcium (wollas-
tonite, [Wo]) and iron (ferrosilite, [Fs]) of the observed V-types, throughout
équations derived on laboratory experiments (Gaffey et al. 2002, Burbine et
al. 2009). The Gaffey et al. (2002) équations worlc well in a wider range
of pyroxene samples, with error bars of the order of 4-5%. The Burbine et
al. (2009) équations are empirical relations calibrated in laboratory based
on olivine, orthopyroxene and clinopyroxene assemblages, which reproduce
the composition of typical V-types. The two set of formulas are designed
to confirm that the results are cohérent. The error bars are in this case in
the range of 1-4%. Once computed BI and BII centre with a polynomial
fit, following procedures similar to the ones described before, I applied the
Burbine et al (2009) équations to compute [Wo] and [Fs] contents.
Fs (±3) = 1023.4 x BIcen (jim) - 913.82 (3.4)
Fs (±3) = 205.86 x BIIcen (Mm) - 364.3 (3.5)
Wo (±1) = 396.13 x BIcen (iim) — 360.55 (3.6)
Wo (±1) - 79.905 x BIIcen (/im) - 148.3 (3.7)
Iron and calcium contents, along with band centres and depths, are shown
in Tab. 3.5. For the majority of Vesta family members the calcium and iron
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content reported in Tab. 3.5 (5 < [Wo] < 8 and 31 < [Fs] < 40) are
compatible with an howarditic composition, in agreement with the results of
De Sanctis et al. (2011b), although 3155 Lee shows an usual lower [Wo] =
3 and [Fs] = 25 content, compatible with a diogenite composition. Non
vestoids show a wider range of variation for [Wo] and [Fs] (2 < [Wo] < 13 and
23 < [Fs] < 51]). 21238 Panarea show the lowest iron and calcium content
[Wo] = 2 and [Fs] = 23, with a possible diogenite composition, although
due to its MOV nature a different mineralogy could not be excluded.
3.4 Discussion
My statistical analysis on the largest sample of V-types ever collected has
proven that the majority of V-type dynamical classes (low-i, fugitives, IOs)
hâve spectral parameters compatible with the Vesta family, pointing to Vesta
as a plausible parent body. NEAs and MOVs show the most extreme spectral
parameters of the whole sample, making particularly the MOV connection
with Vesta rat lier improbable.
Recent laboratory experiments (Fulvio et al. 2015) hâve shown that space
weathering affects the surfaces of basaltic material, reddening the slopeA
and lowering the band depths. The extreme variation of spectral properties
found on NEAs, in particular for band depths, could be due to a balance
between space weathering processes and a rejuvenation of surfaces caused by
collisions, which expose more fresh crystalline pyroxene and deeper the band
depths. Moreover, the highest spread of iron content shown by NEAs (Fig.
3.5b) could be connected to different degrees of space weathering: NEAs
tend to pass doser to the sun than V-type main belt asteroids, experiencing
powerful weathering processes, which should produce more nanophase iron
for the same physical mechanism that reduce the albedo on the basaltic lunar
surfaces (Pieters et al. 2000). Nevertheless, I cannot exclude that in some
cases the apparent diversity could be due to a different origin than Vesta,
rather than a surface alteration process like space weathering.
The MOVs show higlier band depths and in sonie cases unusual band
centres. They could be compatible with a different origin from Vesta, since
it is very unlikely that a V-type asteroid ejected from Vesta cross the 3:1
résonance and reach a stable orbit in the middle/outer belt (Roig et al.
2008). In order to look for a genetic link between Vesta and the MOV
objects I looked for spots on the surface of Vesta having a composition and
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a mineralogy compatible with them. It seems an obvious choice to start the
comparison with the south pôle région, where the Vesta clynamical family was
formed. Comparing the maps of BI and BII centres and depths produced by
the VIR Team (Ammannito et al. 2013a) and the same parameters obtained
using the same procedures for the two MOV objects in my sample, I found
that IVIagnya and Panarea hâve spectral parameters not compatible with the
south pôle région of Vesta. Magnya is also a large asteroid (D > 30 km) and
an excavation from the south pôle of Vesta, which has an estimated depth of
30-45 km seems rather improbable. These two basaltic objects, due to their
peculiar spectral properties, sizes and location in the main belt could hâve
an unrelated origin to Vesta.
Chapter 4
Vesta seen by Dawn
To better constrain the composition of the surface of the parent body
of most of V-types, I decided to perform a mineralogical characterization of
some régions of the surface of Vesta, target of the Dawn mission (Russell &
Raymond 2011). As a participating scientist of the Dawn mission, I had ac-
cess to ail the data collected by the Framing Caméra (FC, Sierks et al. 2011),
the Visible and near-InfraRed spectrometer (VIR, De Sanctis et al. 2011a)
and the Gamma Ray and Neutron Detector mass spectrometer (GRAND,
Prettyman et al. 2011), the instruments onboard of the Dawn spacecraft.
The Dawn mission has visited Vesta in 2011-2012, discovering that the
surface of Vesta is dominated by the ubiquitous pyroxene absorption bands
and conhrming a tliirty years-long lasting link between Vesta and the HED
météorites. However, the Dawn team found for the first time évidences that
the albedo of Vesta is not uniform, but has great variations, showing dark and
bright material generally associated with fresh formed craters. It is possible
that bright material is the original vestan soil, subséquently altered through
space weathering processes, acting on Vesta primarly as impact gardening;
dark material could be due to carbonaceous impactors, confirmed also by the
corrélation found with high OH-concentrations (De Sanctis et al. 2012).
Based on the analysis of Dawn data the differentiated structure of Vesta,
formed by a basaltic crust, an olivine mantle and an iron/nickel core, appears
to be more complicated than expected. Surprisingly, no olivine was detected
on Vesta at the two deep (~ 35 — 40/cm) south pôle craters (Rheasilvia
and Veneneia), which should hâve perforated the basaltic crust and sampled
the mantle, exposing olivine-rich material to the surface (Clenet et al. 2014).
Unexpectedly, possible olivine détections were found in the northern cratered
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Figure 4.1: The fifteen quadrangles in which Vesta’s surface has been divided
for the geological and mineralogical mapping. From Roatsch et al. (2012).
hemisphere, revealing a more complex geological and mineralogical history
for Vesta than thought (Ammannito et al. 2013b).
During my Ph.D. I was in charge, as part of the Mineralogy Task Force
inside the Dawn Team, of the mineralogical characterization of two of the
northern quadrangles (Av. 2 Bellicia and Av.5 Floronia) out of the fifteen in
which Vesta surface was divided for mapping (Roatsch et al. 2012, Fig. 4.1).
To perform the mineralogical characterization of the northern quadrangles
I used of the results of the Geology Task Force, which mapped geological
features and provide a geological context for the surface of Vesta (Ruesch et
al. 2014a), and also maps of several spectral parameters (BI and BII centre
and depth, albedo, topography, OH composition) developed by the Dawn
Team (Ammannito et al. 2013a, Combe et al. 2015, Frigeri et al. 2015). As
an example I report in Fig. 4.2 a composite image of the Mamilia crater,
which will be discussed later in details, as seen in several distinct maps.
The final output of the mineralogical characterization was the production of
mineralogy maps, which analyze the composition and the different lithologies
présent in Bellicia and Floronia. As a member of the Mineralogy Task Force
I also collaborate to the production of the mineralogical maps of the rest of
the quadrangles. These results are reported in Appendix C.
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Figure 4.2: The composition of Mamilia as appears in several maps, from left
to right, top: i) FC high résolution photometry maps; ii) topography data,
from the Digital Terrain Model (DTM); iii) albedo maps, corrected for the
incidence angles and shadows effects; iv) the position of the 1 fim, absorption
band. Bottom: i-ii) HED lithology computed from the absorption bands and
the Fs molar content; iii) band depth map at 2.8 /im, measuring the hydrated
material composition; iv) the position of the 2 /ira absorption band. The color
code is explained later in the text.
4.1 Mineralogical map of Av.2-5
During my Ph.D. I was in charge of the mineralogical mapping of the
northern quadrangles, with a particular attention to Av.2 Bellicia and Av.5
Floronia, which extend both from latitudes 22-66° N and long. 0-90° E
(Bellicia) and 270-360° E (Floronia)1. The Av.l quadrangle, circling the
north pôle of Vesta, owing to the poorly illumination conditions has not been
extensively studied by VIR spectrometer because it requires a large flux of
photons in order to obtain a S/N high enough for making useful spectra. The
northern polar régions of Vesta were observed only during the last part of
1. The coordinates used in this chapter are given in the Claudia System, developed by
the Dawn Team (Russell et al. 2012), with the prime meridian passing from the small
crater Claudia; to pass into IAU-defined coordinate System, it must apply to the longitude
an offset of 150.7°.
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the mission, before the Dawn spacecraft leaved Vesta in August 2012.
The geology maps (Ruesch et al. 2014a) tell us that both quadrangles,
like most of the northern hemisphere, are heavily cratered, with most of tlieir
surfaces covered by Saturnalia Fossa cratered material and cratered highland
material. These two quadrangles are pretty old, with probably the most an-
cient terrains represented on Vesta. So, from a compositional point of view,
it is not surprising that the Bellicia quadrangle is composed preferentially of
howarditic lithologies (Fig. 4.3) with some régions covered in eucrites and
few spots identified in diogenite lithologies: old terrains hâve suffered an
intense bombardment during ail the Vestan history, hence the original eu-
critic crust has been excavated with more deep diogenite lithologies, creating
an howardite mixture présent ail along the quadrangle. The prevalence of
howarditic material is also seen on the maps of the position of the BI and
BII centre developed by the Dawn Team (Frigeri et al. 2015). In Fig. 4.4
I reported as example the BII map, in which the spread of variation (from
1.952 to 1.984 /am) is the same of the variation for the howarditic material
measured in laboratory (See Fig. 4.3).
To look further I produced stereographic maps of the composition of fer-
rosilite in this quadrangle (Fig. 4.5), starting from the Burbine et al. (2009)
équations reported in Chapter 3 (eq. 3.4 - 3.7) and compared my results with
values measured in laboratory for diogenites, howardites and eucrites. From
laboratory analysis we know that diogenites hâve a composition of wollas-
tonite 1.5 < [Wo] <4.5 and ferrosilite 21.4 < [Fs] < 32.2; howardites are
between 4.2 < [Wo] < 10.3 and 31 < [Fs] < 49.5; finally eucrites hâve a
8.2 < [Wo] < 17 and 39.8 < [Fs] < 60.7 composition. To highlight different
lithologies I used the same color code reported in Fig. 4.3: red for pure dio
genites, yellow for diogenite/howardite context, green for howardites, cyan
for howardite/eucrite mixtures and blue for pure eucrite composition. It is
possible to see that the surface is mainly covered in howardite composition,
however in this case there are two spots which are clearly identified diogenite
lithologies: one is nearby one of the two confirmed olivine détection on Vesta
(the Bellicia crater), and the otlier one is toward the south (23°N, 27°E), on
an unnamed crater, where a recent impact must hâve exposed fresh unmixed
material. This région is in fact associated with bright ejecta rays material
(Fig. 4.6). The small diogenite détection on the north of the quadrangle
are not reliable, owing to the poorly illumination conditions and the small
coverage of the data.
From Fig. 4.7 it is clear that the Floronia quadrangle is also dominated by
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Figure 4.3: BI centre - BII centre distribution for the Bellicia quadrangle
as derived from the VIR instrument. The red région stands for terrains
with diogenite composition, the green represents howarditic lithologies and
the blue is for régions with spectral parameters analogue to eucrites. I also
reported régions with howardites enriched in diogenite and eucrite, in yellow
and cyan respectively.
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Figure 4.4: Map distribution on a stereographic projection of the BII centre
parameter on the Bellicia quadrangle, as computed by the VIR Team (Frigeri
et al. 2015).
Figure 4.5: Map distribution on a stereographic projection of different litholo-
gies on Bellicia according to the ferrosilite [Fs] rnolar content; the color code
is the saine as in Fig. 4.3.
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Figure 4.6: Albedo rnap around Bellicia, obtained from the photometrically
corrected VIR data. One crater, associated with diogenite litholgies, is sur-
rounded by bright ejecta material, probably exposed by a recent impact, and
it is marked in black.
howarditic lithologies, with some régions with a compatible howardite/diogenites
and howardite/eucrites composition, and very few spots of pure diogenite or
pure eucrite material. These results are also confirmed by the map produced
by the Dawn Team for the position of the BI centre (Fig. 4.8). It is possible
to notice that the spread of variation for BI (0.92 - 0.94 jim) is in agreement
with the range of variation measured in laboratory for the BI centre position
for howarditic material (See also Fig. 4.7).
The global composition of howardites is also assured from the [Wo] stere-
ographic projection map (Fig. 4.9), derived using the Burbine et al. (2009)
équations: in this case in particular, superimposed to the howardite miner-
alogy, there are small régions of howardite with eucrite enrichment, together
with few local spots of pure diogenite and diogenite/howardite mixed compo
sition. None or very few spots of pure eucrite composition seem to be présent.
The northern région of the quadrangle seems to appear more diogenitic than
the surrounding; however the poorly illumination conditions and the fewer
data obtained here make more think to a possible artifact détection. One of
the most interesting spots is the Mamilia crater, wliich shows a great range
of compositional variation on a small scale, and is associated with a local
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Figure 4.7: BI centre - BII centre distribution for the Floronia quadrangle
as derived from the VIR instrument. We also reported in red the diogenite
région, in green howardite région and in blue eucrite région, together with
howardites enriched in diogenite and eucrite, in yellow and cyan respectively.
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Figure 4.8: Map distribution on a stereographic projection of the BI cen
tre parameter on the Floronia quadrangle, as computed by the VIR Team
(Frigeri et al. 2015).
Figure 4.9: Map distribution on a stereographic projection of different litholo-
gies on Floronia according to the wollastonite [Wo] rnolar content; the color
code is the same as in Fig. 4.7.
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Figure 4.10: The map of the 2.8 \im band around Floronia, measuring the
OH-cation on the surface of Vesta. Notice the local enrichment around the
Mamilia crater.
enrichment spot of OH (Fig. 4.10).
In the framework of the mineralogical mapping I decided to focus on two
major issues: the extreme composition of the Mamilia crater in Av.5 and
the possible presence of olivine near the Bellicia crater in Av.2. The olivine
detected around Bellicia could corne from one of the ancient basins in the
northern régions, which should hâve excavated deeply the surface of Vesta,
or being transported here as ejecta from the Rheasilvia impact on the south
pôle of Vesta. To constrain the origin of the olivine detected a brief analysis
on the presence of Rheasilvia ejecta in the northern quadrangles will also be
discussed in details.
4.1.1 Mamilia crater
Mamilia crater is the perfect case for studying the extreme compositional
variations on Vesta’s surface. In fact, in its northern rim it concentrâtes the
most extreme compositions of the northern régions, including bright mate-
rials, dark materials, eucritic/howarditic compositions and possibly a small
amount of diogenitic composition. Two bright areas, with weak OH absorp-
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tion band hâve a more howarditic composition. Iiowever, on the same rim,
an eucritic-rich area shows weak OH absorption bands and an OH-rich area
lias more eucritc composition, as showed at the beginning of the chapter (Fig.
4.2). In addition, dark, carbonaceous rich material and native, bright ma-
terial are présent within short distance, suggesting that the Mamilia crater
is a relatively fresh impact crater otherwise, as suggested by Ruesch et al.
(2014a) the bright and dark material would be long gone.
In order to investigate whether fresh and distinct spectral components
from Mamilia northern wall are représentative of the composition of Vesta,
Spectral Mixture Analysis (SMA) is an adéquate method (Adams et al.
1986). It consists in selecting spectra of known composition from a database,
or spectra with shapes that likely correspond to the purest surface materials
within a remote sensing scene: these spectra are called spectral endmembers.
SMA consists in modeling spectra of unknown composition by linear com
bination of spectral endmembers. The mixing coefficients applied to each
spectral endmember are sensitive to the abundance of the material. Mathe-
matical inversion applied to the SMA can be computed in order to generate
distribution maps of the mixing coefficients. Finally, mapping of the model
residual can help identify possible additional spectral endmembers, where
high values define spatially-coherent units. In addition, spectral mixture
analysis is an alternative data processing approach to band parameters for
the mapping of eucritic and diogenitic components. MELSUM (Combe et
al., 2008) is a form of SMA that relies on linear combinations of spectra in
order to fit the spectral shape of an unknown spectrum. Endmember spec
tra may be image endmembers from the scene itself, or laboratory spectra
of pure minerais that will account for most of the spectral diversity in the
scene. The analysis of lunar spectra has taught that generally 3 to 4 end
members are required to properly model a mixture, even if the total number
of reference spectra available is larger. In the computation of the mixing
coefficients, ail wavelength channels weigh the same, regardless of spectral
sampling variations that occur across VIR spectra between the visible and
infrared detectors. Denser sampling implies stronger weighing. In VIR data,
the visible portion between 0.45 and 0.96 /un weights as much as the near
infrared portion between 0.96 and 3.5 [im. In order to avoid such a bias and
to achieve homogeneous weighing at ail the wavelengths, I resampled VIR
visible data to the same spectra sampling as the VIR infrared.
To select spectral endmembers I localized on spectral parameters maps
and albedo maps the surface materials with the most extreme and pure
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Figure 4.11: Example of spectral unmixing using MELSUM to deconvolve
the average spectrum of Vesta with four endmembers: Mamilia eucrite and
diogenite-rich région, Mamilia dark hydrated material and Bellicia northern
wall spectra.
lithologies, choosing the régions with the freshest eucritic, diogenitic and
dark material présent on the northern wall of Mamilia. In addition, Bel
licia crater northeastern wall contains a spectral component that présents
similarities with olivine-rich lithology, which I also included in the collection
of spectral endmembers. Linear combinations of spectral endmembers from
Mamilia northern wall and Bellicia rnodel pretty good the average spectrum
of Vesta, which demonstrates that spectral endmembers from Mamilia can
explain the composition at the scale of the whole body (Fig. 4.11). In addi
tion, the residuals from MELSUM are illustrated in Fig. 4.12. The highest
residuals occur in shaded areas, where the signal-to-noise ratio is the low-
est. However high residuals do not define spatially-coherent areas that could
suggest a composition different from the walls of Mamilia and Bellicia.
From the global température analysis of the VIR Team (Fig. 4.13) I also
computed the local température in the northern quadrangles. It is important
to notice that northern surface températures are generally lower than équa
torial and Southern hemisphere’s températures and they can be up to 100
K below HED spectral measurements. From laboratory studies on olivine-
pyroxene mixtures (Sanchez et al. 2012) is well known that band centres
shift towards shorter wavelengths with lower températures. A température
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Figure 4.12: Global map of Vesta in equirectangular projection of residuals
(RMS) from MELSUM performed on VIR entire dataset, using spectral end-
members from Mamilia crater northern wall (diogenitic, eucritic and dark
hydrated materials) and Bellicia wall (olivine-like component).
Figure 4.13: Température projection map of the entire surface of Vesta, from
Tosi et al. (2014).
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correction was considered only for BII centre map, since according to Sanchez
et al. (2012) température shifting is not affecting BI centre. However, the
extreme observational conditions in the northern hemisphere could hâve af-
fected the température détermination and subsequently the BII température
correction. For these reasons it should be kept in mind that the composition
of Mamilia and the northern régions could appear more diogenitic than they
actually are.
4.1.2 Rheasilvia ejecta in northern quadrangles
A dynamical model of Rheasilvia ejecta by Jutzi et al. (2013) indicates
that materials whicli formed at about 30 km deep in the south polar crust
could hâve reached the northern régions (Fig. 4.14a). This could hâve im
portant implications for the olivine détections, because this could suggest
that the olivine found in the Bellicia quadrangle could indeed corne from
Rheasilvia. In order to constrain the nature of the Rheasilvia ejecta, and in-
terpret the implications in terms of internai structure and lithology of Vesta
in the Southern polar région, I compared maps of the composition (mixing
coefficients from MELSUM, HED composition from VIR and FC data) and
the distribution of ejecta modeled by Jutzi et al. (2013).
The distribution of modeled Rheasilvia ejecta (Fig. 4.14a) présents sim-
ilarities with the distribution of spectra with a strong diogenitic spectral
endmember, obtained applying the spectral unmixing analysis with MEL
SUM (Fig. 4.14b). The modeled ejecta from Jutzi et al. (2013) are also
in good agreement with the maps of the pyroxene band center parameters
(Fig. 4.14c) and the 0.98 jim/0.92 /ira Framing Caméra réflectance ratio
(Fig. 4.14d), which are sensitive to the diogenite composition.
The purest diogenitic components, which likely formed deep in the crust
of Vesta, also lay within Veneneia and Rheasilvia basins. However, signif-
icant différences between the modeled distribution of ejecta and diogenitic
distribution exist in the Southern hemisphere. According to ail Dawn obser
vations in Fig. 4.14, diogenite does not cover the entire surface of the basin.
This could be explained by recent impacts, happened after the Rheasilvia
event, which hâve mixed the original pure diogenitic lithology and produced
a compositional heterogeneity. A broad ejecta unit from the Rheasilvia basin
reaches the northern hemisphere between 0 and 90° E, and shows a distinctive
diogenitic composition.
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Figure 4.14: Comparison of the distribution of diogenite-rich materials from
various datasets. Left column: global mapping in equirectangular projec
tion. Right column: Polar projection of latitudes north of 21°N. a) Modeled
distribution of Rheasilvia ejecta (Jutzi et al. 2013); b) Mixing coefficient of
diogenite from VIR data using MELSUM; c) Relative absorption band posi
tion of pyroxenes at 1 and 2 fim from VIR spectra; d) Band ratio 0.98/0.92
firri from FC data.
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4.1.3 Olivine on Vesta
If the diogenite éjecta coming from Rheasilvia has reached the northern
régions, then there is the possibility of an olivine contamination ail over the
northern régions of Vesta coming from the two deep south polar craters.
Two major régions between the Arruntia crater (36° N, 72° E) and on the
walls of Bellicia crater (39° N, 52° E) has already shown signs of olivine
material in their spectra (Ammannito et al. 2013b, Ruesch et al. 2014b). A
comparison with spectra taken from the RELAB database reveal that olivine
concentration in these régions is in the range 50 — 80% vol. What is puzzling
is that the detected olivine spectra are associated with howardite litologies
and recur over a broad area of 100-km size, in contrast with our preconceived
ideas about Vesta’s olivine before the Dawn mission. Olivine was found to
be more associated with diogenites rather than howardite/eucrites on HED
sample recovered on Earth (Delaney et al. 1984).
Then I decided to search for olivine détections in the northern régions with
a complementary approach, using the spectral unmixing tool to look for the
olivine spectral endmember detected near Bellicia. However the identification
of olivine in an olivine-pyroxene mixture is challenging, especially with olivine
concentration < 50% vol, because the broad, asymmetric absorption band
centered at 1.05 /ira, typical of pure olivine sample, is often masked by the two
pyroxene absorption bands mentioned earlier. Different laboratory studies on
olivine-pyroxene mixtures addressed this problem (Adams 1974, Cloutis et
al. 1986, Beck et al. 2013). They found that, with small relative amount of
olivine (< 50% vol) there are some spectral changes. With the increase of
the olivine content in a olivine-pyroxene mixture the BI absorption become
broader and shallower, the local maximum at around 1.3-1.4 fim shift to
longer wavelengths and the depth of the BII absorption /ira decrease (Fig.
4.15). Moreover, for an olivine concentration > 50% vol there is also a shift
of the BI to longer wavelengths.
I performed a linear spectral unmixing with MELSUM on the régions
around Bellicia (Fig. 4.16a). The results confirm that a large and diffuse
area which includes Bellicia, Arruntia and Pomponia craters shares similar
spectral properties with Bellicia crater northern wall, although it is mixed
with HED-like components. Clémentine color composite ratios maps of FC
data shows an orange/reddish area that corresponds to the same spatial unit
(Fig. 4.16b), although corrélation does not occur perfectly when looking at
details. Maps of the surface spectral components (Fig. 4.16) indicate that the
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Figure 4.15: Spectra of different olivine-pyroxene mixtures with the increas-
ing content of olivine. Notice how the band depth at 1 and 2 fim become
shallower, and the shoulder at 1.2-1.5 fim more pronounced with the increas-
ing of olivine.
Bellicia spectral endmember (olivine-nch)
mixing coefficient
k FC 3-color réflectance ratio composite
o
Vosla norhetn poiar projocbon
Figure 4.16: a) Mixing coefficient distribution of the Bellicia-type of material
calculated with MELSUM and b) Clémentine color composite map frorn FC
réflectance ratios. Red: 0.75 [im/0.44 /im réflectance. Green: 0.75 fim/0.92
(im réflectance. Bluc: 0.44 /rm/0.75 fim, réflectance.
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type of materials found in Bellicia northeastern wall, Arruntia and Pomponia
craters do not likely corne from Rheasilvia basin. Although it is distributed
nearby the northern end of the ejecta from Rheasilvia modeled by Jutzi et
al. (2013), the relationship with Rheasilvia is unlikely, since the distinct
composition of Bellicia, Arruntia and Pomponia is spatially disconnected
from Rheasilvia basin, unlike the diogenite-rich surface materials (Fig. 4.14).
This compositional mixing of olivine and HED material may indicate that
the purest material from small patches in Bellicia, Arruntia and Pomponia
could hâve been spread out and contaminated larger areas, or that impacts
that generated Bellicia, Arruntia and Pomponia where energetic enough to
excavate larger quantities of olivine présent underneath the surface.
To explain the nature and distribution of Bellicia northeastern wall mate
rials I propose the following interprétation: the olivine détections northward
the equator are probably coming from the ancient Varronilla or Caesonia
basin, two ancient impact basins which might hâve contributed to the ex
cavation of the crust and hâve sampled the upper olivine-rich rnantle. The
proposed depths for these basins are indeed shallow (9-12 km, Ruesch et
al. 2014a), but it is possible that in the northern région the crust wasn’t
very deep, as confirmed by the Bouguer gravity field analysis with spheri-
cal harmonies, that reflect either crustal thickness variations and/or density
variations (Park et al. 2014). Local impacts hâve subsequently redistributed
the olivine-pyroxene material. Mechanical brecciation hâve then smashed the
olivine grains and dispersed them, so that any spectral signature of olivine
disappeared until a recent impact or a downslope movement resurfaced them.
Occurrences of olivine near the top surface and not in the crust may also be
explained by the infall of an olivine-rich body on Vesta. However, there are
few A-type olivine-rich bodies between asteroids which could explain the ac-
tuai abundance of olivine found on Vesta (Lucas 2011). An exogenous origin
for the olivine détections seems then extremely unlikely.
Olivine locations found below the equator (Ruesch et al. 2014b) are
mainly due to Rheasilvia impact basin, which lias probably reached the lower
crust and the upper rnantle and redistributed olivine material in the Southern
hemisphere. With time impact gardening decreased olivine concentration
below 50% vol, making it hardly détectable from VIR spectrometer.
Chapter 5
Ceres
Ceres is the only dwarf planet in the asteroid main belt. It probably repre-
sents the largest remnant of the primordial population of large planetesimals
of the inner Solar System, once composed of several bodies and mostly de-
pleted of its original mass during the planetary formation (Morbidelli et al.
2009).
Since its sélection as a target for the Dawn mission and its reclassifica
tion by the International Astronomical Union (IAU) from asteroid to the
status of dwarf planet in 2006, Ceres has been the subject of an intense ob-
servational campaign. It has a typical spectrum of a C-type asteroid, and
shows similarities with carbonaceous chondrites. In the NIR spectra there
are several features typical of hydrated or hydroxylated species on airless
bodies, which indicate the presence of large quantifies of water in the inte-
rior. Other possible surface components include iron-rich clay ruinerais (like
cronstedtite) and carbonate minerais (like dolomite and siderite), which are
minerais commonly found in carbonaceous chondrite meteorites. The broad
3 /im band has several sub-bands, centered at 3.06, 3.3 - 3.4 and 3.8 - 3.9
/ira, but no agreement has been reached in over forty years of observations
on the spécifie composition of the species responsible for this band.
The termophysical models predict a differentiated interior for Ceres, with
an inner core made of dry silicates, a mantle made of hydrated silicates and
an outer shell of water ice (Castillo-Rogez & McCord 2010). Alternatively,
Ceres’shape and dimensions could be consistent with an object partially dif
ferentiated: there is the possibility tirât Ceres was formed starting from low
density asteroids with hydrated material. The heat produced by the decay
of radioactive éléments could hâve been in this case not sufficient to produce
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différentiation. Albedo, as well as visible and near-infrared spectra, reminds
those of carbonaceous chondrites, with evidence for aqueous alteration. The
presence of surface water ice, possibly resupplied from the mantle through
fractures in a crust of ices and silicates, has been long debated (see Rivkin et
al. 2011). Recently, Küppers et al. (2014) with the Herschel Space Obser
vâtory identihed two localized sources of water vapour on Ceres in October
2012 and March 2013, identifying ice sublimation as a possible mechanism
for the outgassing, as on comets surfaces.
During my Ph.D. I observed and analyzed new visible and near-infrared
data of Ceres obtained in December 2012 and January 2013 at the Telescopio
Nazionale Galileo (TNG) at different rotational phases, in order to look for
water ice signatures and constrain spectral variations on the surface of Ceres.
5.1 Observations and data réduction
Visible spectroscopy was performed with the DOLORES instrument, us-
ing the low resolution LR-B (covering the 0.38 - 0.81 /dm wavelength range)
and LR-R (0.54 - 0.90 pra wavelength range) grisms. For both visible and
NIR ranges, spectra were taken through a 2” slit, oriented along the parallac-
tic angle to avoid flux loss due to differential refraction. Visible data réduc
tion was performed with the software package ESO-Midas, using standard
procedures, as described in Chapter 2. Namely: subtraction of the bias from
the raw data, fiat field correction, cosmic rays removal, background subtrac
tion, collapsing the two-dimensional spectra into one dimension, wavelength
calibration (using Ar, Ne + Hg, and Kr lamps émission lines) and atmo-
spheric extinction correction. The reflectivity of Ceres was then obtained by
dividing its visible spectra by those of solar analogs observed close in time
and in airmass to the scientific frames (cf. Table 5.1). Spectra were then
normalized at 0.55 fim.
NIR data were taken with the NICS instrument coupled with the Arn-
ici prism, in low-resolution mode. Observations were carried out using the
standard nodding technique of moving the object along the slit between two
positions denoted A and B. Each of the two NICS spectra was obtained from
one A - B - B - A sequence, using an exposure time of 3s for each single
image. I used standard procedures in the réduction process, as before with
the visible data. Spectra were corrected for fiat field; then, bias and sky
removal were obtained by subtracting the two spectra and producing A — B
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Figure 5.1: Visible LR-B (black) and LR-R (orange) spectra of Ceres, shifted
by 0.15 in réflectance for clarity. The LR-B spectrum #6 has been eut at 0.7
fim because afïected by a poor sky subtraction longward.
and B — A frames. Ail pairs were combined and averaged to obtain the
final spectrum, which was then extracted. Spectral wavelength calibration
was obtained using a look-up table available on the TNG website1, which
is based on the theoretical dispersion predicted by ray-tracing and adjusted
to best fit the observed spectra of calibration sources. Extinction and solar
removal was carried out by dividing the spectrum of each asteroid by the
best solar analogue, generally the one with the closest airmass or the one
observed right after or before the asteroid. The NIR spectra of the observed
asteroids were normalized at 1.25 /im.
The resulting visible and NIR spectra are presented in Fig. 5.1 and Fig.
5.2, respectively.
5.2 VNIR analysis and resuit s
5.2.1 Slope variation
The two NIR spectra obtained do not show significant variations, in agree-
ment with Carry et al. (2012). Though noisy and of low resolution, both of
1. http://www.tng.iac.es/instruments/nies/spectroscopy.html
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Table 5.1: Observâtional circumstances for Ceres observations.
ID Date UT Prism/Grism texp
(s)
Airm. Solar analog
(airm.)
Vis. Slope
(%/103 A)
0.67 //m
band
A 2012 Dec 17 22:10 Amici 4x3 1.31 Landll5-271 (1.27)
B 2012 Dec 18 01:05 Amici 4x3 1.00 Hip9197 (1.01) —
1 2012 Dec 18 02:31 LR-B+LR-R 1+1 1.05 Hip599932 (1.06) -1.15 ± 0.29 0.6 - 0.7%
2 2012 Dec 18 23:27 LR-B+LR-R 1+1 1.08 Hyadesl42 (1.05) -0.70 ± 0.23 0.5 - 0.6%
3 2012 Dec 19 02:34 LR- B+LR-R 1+1 1.06 Hyadesl42 (1.05) -3.18+ 0.62 <0.5%
4 2013 Jan 18 20:12 LR-B+LR-R 1+1 1.18 Hip44027 (1.18) +1.26 ± 0.36 <0.5%
5 2013 Jan 19 20:44 LR-B+LR-R 1+1 1.09 Hyades64 (1.03) +0.05 ± 0.42 <0.5%
6 2013 Jan 20 01:43 LR-B+LR-R 3+5 1.35 Landl02-1081 (1.58) +0.01+ 0.24 <0.5%
Figure 5.2: NIR spectra of Ceres, shifted by 0.1 in réflectance for clarity.
Spectral régions affected by strong atmospheric absorption hâve been eut
out.
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them show the very broad absorption centered at ~ 1.2 fim already observed
on Ceres, as well as on several carbonaceous chondrites, and interpreted as
possibly due to magnetite or plagioclase feldspar (Rivkin et al. 2011).
The visible spectra obtained frorn the 6 simultaneous LR-B and LR-R
observations show a very good agreement between the two grisms, making me
confident about the goodness of my results. In Table 5.1 I report the spectral
slope computed in the 0.55 - 0.8 \im range, considering together the LR-B
and LR-R data. Fig. 5.4 shows the obtained spectral slopes as a function of
the longitude of the sub-observer point. A variation through the rotational
phase is évident, whose amplitude is about one order of magnitude larger
than that reported for NIR observations (Carry et al. 2012). I also stress
that, while ail of the spectra taken in January 2013 (phase angle 13.5°)
are redder than those acquired in December 2012 (phase angle ~ 0.7°), the
observed variations are about two orders of magnitude larger than those that
could be introduced by the phase reddening effect (Sanchez et al. 2012).
While I cannot détermine the exact cause of these variations (possibly
due e.g. to different composition, albedo, geological features, surface âge), I
stress that the spectra #3 and #5, as well as, to a minor extent, #1 and #4,
sample the same régions on the surface (Fig. 5.3), observed one month apart,
and présent a significant variation of the slope (~ 2 - 3 %/103 A) with respect
to the variations reported in literature. Noteworthy, the observing runs (De
cember 2012 and January 2013) are temporally encompassed by the water
vapour détections around Ceres (October 2012 and March 2013) performed
with the Herschel Space Observatory by Küppers et al. (2014). Hence I sug-
gest that the observed variation in the visible spectral slope could be linked
to resurfacing after outgassing épisodes, with bluer spectra corresponding to
large quantities of exposed water ice; and redder spectra possibly associated
with exposed organics.
The much smaller slope variations observed by Carry et al. (2012) in
the NIR could then be associated with periods of no/lower water activity by
Ceres (e.g. Küppers et al. (2014) did not detect water vapour on November
2011); or the spectrum of Ceres could be intrinsically less variable at NIR
wavelengths than in the visible. Spectra #2 and #6, acquired at planetocen-
tric longitudes ~ 30° apart, show a slope variation similar to that previously
reported for the NIR. This could strengthen the hypothesis of localized active
régions on the surface of Ceres.
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Figure 5.3: The planetocentric longitudes and latitudes of my observations
plotted upon the H-band map of the whole surface of Ceres, from Carry et al.
(2012). Notice that spectrum #3 and #5 and, to a minor extent # 1 and #4,
sample the same région of the surface one mont apart and show significant
slope variation.
Figure 5.4: Visible spectral slope (0.55 - 0.8 fim) vs. planetocentric longitude.
Data from Dec. 2012 (dots) and Jan. 2013 (asterisks).
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Figure 5.5: LR-B and LR-R spectra #1 and #2, after continuum removal,
with a superimposed polynomial fit. Spectra are shifted by 0.05 in réflectance
for clarity.
5.2.2 The 0.6 - 0.7 /j,m feature
The existence and spatial extent on Ceres of a broad spectral feature
around 0.6 - 0.7 /ira, usually attributed to aqueous alteration products (e.g.
saponite, Cloutis et al. 2011) is still open to debate (Rivkin et al. 2011).
To verify the presence and variability of such absorption in our spectra, I
removed the continuum computed as a linear fit to each spectrum in the
région 0.55 - 0.8 /ira. A very faint feature (0.5 - 0.7%) centered at 0.67 /ira
seems présent in spectra #1 and #2, for both LR-B and LR-R grisms; no
noticeable absorption is identified in the other spectra, maybe also because
of lower S/N (Tab. 5.1 and Fig. 5.5).
For comparison, I also reanalyzed the few visible spectra of Ceres available
in the literature, computing the spectral slope and looking for the presence of
the aqueous alteration band (Table 5.2): an absorption centered at 0.67 /ira
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and with depth 1.7% is clearly seen in the spectrum by Vilas et al. (1993); the
spectrum from Vilas & McFadden (1992) seems to exhibit two superimposed
features with minima at 0.6 /ira and 0.67 /ira, with an overall depth <1.0%,
though the double minimum could be an artifact attributable to poor S/N;
a similar resuit is found for the spectrum by Fornasier et al. (1999), while no
feature is seen in the data by Bus & Binzel (2002) and Lazzaro et al. (2004).
The measured variation of the spectral slope in literature data is much less
important than in our dataset, also considering the uncertainties that may
arise when comparing spectra obtained by different authors using different
télescopes and detectors.
5.3 The 3 fim band and water ice on Ceres
A broad 3 /ira feature was observed on Ceres for the first time by Lebofsky
(1978), and associated with the presence of clay minerais containing water
of hydratation. Analyzing higher spectral resolution data, the 3 /ira feature
was confirmed by Lebofsky et al. (1981), who also found a relatively narrow
absorption centered near 3.06 /ira,, interpreted as due to a very thin layer of
water ice frost. This feature, along with a set of overlapping bands at 3.3 - 3.4
/ira, was reinterpreted by King et al. (1992) as due to ammoniated phyllosil-
icates. Vernazza et al. (2005) revisited ice as an explanation, reproducing
the 3.06 /ira feature with a linear combination of crystalline water ice and an
organic component, namely residues of ion-irradiated asphaltite covered with
water ice. Rivkin et al. (2006) further reinterpreted the 3.06 /ira band as due
to an iron-rich clay (serpentine cronstedtite) and the 3.3 - 3.4 and 3.8 - 3.9
/ira bands as caused by carbonates; the same dataset was then modeled by
Milliken h Rivkin (2009) to identify the 3.06 /ira band as brucite (Mg(OH)2)
and confirm the presence of carbonates. Beck et al. (2011) proposed impure
goethite (FeO(OH)) as an alternative origin of the 3.06 /ira band, though
Jewitt & Guilbert-Lepoutre (2012) stressed that goethite, when found in
meteorites, is a product of aqueous alteration in the terrestrial environment,
and that extraterrestrial goethite in freshly fallen meteorites is unknown.
In Fig. 5.6a I show the 3 /ira région spectra by Jones et al. (1990),
Vernazza et al. (2005), and Rivkin et al. (2006), acquired in 1987, 2004,
and 2005, respectively. In the first two works, the presence of the 3.1 /ira
absorption due to crystalline water was claimed. Vernazza et al. (2005)
suggested that the 3 /ira band is due to two components. One way to prove
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Table 5.2: Spectral parameters for literature visible data.
Reference Date Slope (%/10iS A) 0.67 pm band
Vilas &; McFadden (1992) 4 Jul 1987 -0.76±0.27 D? (<1.0%)
Vilas et al. (1993) 20 Apr 1992 0.25±0.66 Y (1.7%)
Bus &: Binzel (2002) 1993 - 1998 0.72±1.00 N (<0.3%)
Lazzaro et al. (2004) 13 Jul 1997 0.95±0.19 N (<0.3%)
Fornasier et al. (1999) 13 Dec 1997 -0.54i0.36 D? (<1.0%)
NOTE: for the feature at 0.67 pm, Y stands for a clear détection, N for no détection, D? for a possible
superimposed double feature.
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Figure 5.6: On the top: Ceres’ 3fnn spectra obtained in 1987 (Jones et al.
1990), 2004 (Vernazza et al. 2005), 2005 (Rivkin et al. 2006). On the
bottom: the 2004/2005 spectral ratio and the spectrum of crystalline (150
K) water ice.
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that is to divide two spectra, taken at different epochs, and see if their ratio
reveals some change in the relative abundances. In Fig. 5.6b I report the ratio
of the high resolution 2004/2005 spectra, as well as a laboratory spectrum
of crystalline (150 K) water ice (Strazzulla et al. 2001). Indeed, the ratio of
the spectra from 2004 and 2005 is very similar to the spectrum of crystalline
water, with a minimum at ~ 3.1 \im. The absorption starting at 3.15 fim in
the 2004 spectrum is due to the terrestrial atmosphère, as stated by Vernazza
et al. (2005). This seems to suggest that the 3.1 [im absorption is due only
to crystalline water ice.
Following the findings about the short-term temporal variation of the
visible spectral slope, as well as the recent identification of localized émission
of water vapour around Ceres, I suggest that also the shape of the 3 fim band
could change in time, according to the different fractions of the Ceres surface
that are covered by water ice at different moments. The results presented in
this chapter suggest a possible short-term variability on the surface of Ceres,
with an extent never seen in almost fourty years of spectral observations
of this dwarf planet. The final confirmation of water ice on Ceres and the
localized spectral variability would probably arrive soon, when the Dawn
mission will start to map its surface with its scientific payload.
Conclusions and future
perspectives
In the framework of my Ph.D. thesis I investigated target asteroids of
current and future space missions.
I studied two classes in the NEA population: easy accessible targets
for space missions (AV < 10 km/s) and Potentially Hazardous Asteroids.
I physically characterized 13 low AV that could require low-cost, short-
duration missions. A large number of these objects belong to the S-type
classification. This is probably due to the high efficiency of the transport
mechanisms frorn the inner main belt, where S-types are more common, into
near-Earth orbits. However, in the last years infrared surveys, like NEO-
WISE, suggested that low albedo asteroids are underestimated. So we need
to explore fainter low AV asteroids in order to confirm if the majority of these
objects are still belonging to the S-type or we are experiencing an observa-
tional bias. My work was also propedeutic in the frame of the NEOShield-2
(2015-2017) project, funded by the European Community in order to i) study
spécifie technologies and instruments to conduct close approach missions to
NEAs and ii) acquire in-depth information of physical properties of the pop
ulation of small NEAs (50-300 m) to design mitigation missions and assess
the conséquences of an impact on Earth. Taking into account that low albedo
NEAs are the most interesting targets for the understanding of the condi
tions in the original solar protonebula and the resolution of the conundrum
on what brought life to our planet, ail this work is also useful in the light of
the future sample return missions, which shall collect samples of primitive
C/D-type asteroids in the next décades. Another peculiar class I investi
gated is PHAs, because of the danger they constantly pose to our planet. I
performed a spectroscopic and mineralogical analysis in order to obtain the
greatest amount of information on these possible future impactors. In the fu-
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ture mitigation missions towards PHAs may be developed, as stated as one of
the major goals of the NEOShield-2 project, but to properly design this kind
of mission the knowledge of physical properties from ground is fondamental.
With my analysis performed on 15 PHAs I personally incrément by a 8%
the number of PHAs with known physical properties, indicating that even
among PHAs silicate S-types seem to be more abundant. For this reason in
the next observational campaigns I will focus mainly on small, faint NEAs,
in order to look for more primitive PHAs.
I discovered that rnany NEAs show basaltic surfaces, classified in the
DeMeo et al. (2009) taxonomy as V-types. For most of these objects Vesta
seems to be their parent body, the only known differentiated asteroid with a
structure similar to terrestrial planets with a core, a mantle and a basaltic
crust. To better understand if V-type dynamical groups are indeed related
with Vesta, I decided to perform a statistical analysis on the greatest sample
of V-types ever collected in literature. V-types were then ranked in several
groups according to their dynamical properties. My results suggest indeed
that NEAs show peculiar spectral characteristics, having the greatest and
the lowest apparent depth; this could be compatible with different degrees of
space weathering and rejuvenation due to collisions, or could be symptomatic
of a different origin. For V-type objects beyond the powerfol 3:1 mean motion
résonance with Jupiter, which I defined as MOVs, the situation is more
complicated: they do not show similarities with other V-type classes and
they are not easily dynamically connected with Vesta. For these objects it
is very likely that they corne from another differentiated object(s), probably
battered to bits in the early stages of the Solar System formation.
To properly understand the connection between Vesta and the V-types I
also collaborated, in the framework of the Dawn mission, to the mineralogy
analysis of the surface of Vesta. I was in charge of the mineralogical char-
acterization of the northern régions. I produced a mineralogy rriap of two
quadrangles of the northern hemisphere, Bellicia and Floronia, analyzing
spectra taken from the VIR spectrometer on board the Dawn mission, and
maps derived by the Dawn team, like maps of pyroxene absorption bands,
geology, albedo, OH concentration and topography. Several interesting areas
were investigated more in details. In particular, I focused my attention on
the crater Mamilia in the Floronia quadrangle, which show one of the most
extreme composition of the whole surface of Vesta: on the northern rim it
concentrâtes, within short distance, both bright and dark material and eu-
crite/howardite and possibly diogenite material. In the Bellicia quadrangle
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two different groups detected olivine material (Ammannito et al. 2013b,
Ruesch et al. 2014b), which could be local or coming from the deep Rheasil-
via crater in the south pôle. To constrain the origin of these olivine deposits
first I analyzed the distribution of the ejecta from the Rheasilvia crater,
founding that there is a diogenite trail of material starting from Rheasil
via and arriving at the borders of of Vesta’s northern régions. My spectral
unmixing analysis confirmed that a broad région between Bellicia, Arrun-
tia and Pomponia craters host a possible olivine composition; however, it
is spatially disconnected from the Rheasilvia basin, unlike the diogenite-rich
material, making the connection with Rheasilvia unlikely. The origin of these
olivine deposits is still doubtful, although a local origin is preferred over an
exogenous origin.
During my Ph.D. I also investigated Ceres, the second target of the Dawn
mission reached in March 2015. I had the opportunity to observe Ceres sev-
eral times during my observational campaigns acquiring visible and near-
infrared spectra. From the analysis of the spectroscopic data I found that
there is a change in the visible slope, probably correlated with the outgassing
phenomena discovered on Ceres by Klippers et al. (2014). In this view I re-
analyzed the broad 3 /v,ra band on the published spectra of Ceres in literature,
which has been explained with various mixtures of organic components and
with or without water ice and hydrated material. My results point to a
reconciling solution for the disagreement in literature, suggesting that the
shape of the 3 fim band could change in time according to different quantity
of exposed water ice on the surface of Ceres.
Future perspectives
Several research projects which started during my Ph.D. are still ongoing.
Pm the Co-Investigator (Co.I.) of a program at TNG to characterize several
Potentially Hazardous Asteroids (“Spectroscopic investigation of fourteen
Potentially Hazardous Asteroids”, A29TAC12). The obtained data are at
the moment under réduction, and their analysis would further incrément the
number of PHAs with known spectral properties. In the framework of the
NEOShield-2 project we are also scheduling several nights of observations of
small ( D < 300 m) NEAs. These observations will be crucial to enlarge the
statistics on low albedo NEAs.
I am also involved in the spectroscopic characterization of several aster-
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oids in the middle and outer main belt selected for their putative basaltic
nature. The discovery of a large number of MOVs in a spécifie région of the
main belt could be nowadays the only way to prove indirectly the existence
of another differentiated object, battered to bits in the early phases of Solar
System. These observations could also résolve the conundrurn of why Vesta
is today the only differentiated asteroid and how it is possible that this 500
km-diameter object hâve survived till today with its basaltic crust alrnost
intact. The study of these basaltic objects not related with Vesta would also
be a useful laboratory to test the présent discrepancies between Vesta and
the Vesta family objects, like the redder slopes seen on V-type objects and
effects of space weathering on basaltic surfaces.
I will also continue to collaborate with the Dawn team on the geological
and mineralogical characterization of the dwarf planet Ceres. Ceres is the
largest asteroid in the main belt. Still, at the moment, we know very little
about its internai structure and its physical composition. The detailed anal
ysis performed by the instruments onboard of the Dawn mission, specifically
the Framing Caméra (FC) and the Visible and near-InfraRed spectrometer
(VIR), shall put an end on a fourty-years debate about the presence of hy-
drated material on the surface of Ceres. Other interesting tasks will also be
investigated, like the formation of geological structures and craters on icy
bodies, and the possible outgassing of water plumes through cracks in the
surface of Ceres.
Appendix A
NEAs results in detail
NEAs observed, reduced and analyzed
During my Ph.D. I carried out two observational campaigns in December
2012 and January 2013 to characterize 10 NEAs winch are easy accessible
targets for future space missions and threatening objects to life on Earth.
The visible spectrum obtained for 203471 2002AU4 is fiat and slightly
bluish, with a possible feature around 0.75 \im. I classified 2002 AU4 as
a C or a possible Cg-type. I also found a good match with the spectra of
CM carbonaceous chondrite meteorites. In Fig. 2.4 is reported the observed
spectrum and the one of the CM2 meteorite Y74662.
For the PHA 350751 2002AW, due to the low S/N and the absence of
the near-infrared spectrum, taxonomy is not clear. However, both DeMeo
classification online tool2 and M4AST online tool suggest an association with
carbonaceous material. I classified 2002AW as a B-type, since its spectra has
a négative visible slope (see DeMeo et al. 2009 for details), although NIR
observations are needed to confirm this resuit. I also found an association
with carbonaceous chondrites, specifically the CV group. One of the possible
matches, reported in Fig. 2.4, is the CV3 Grosnaja.
For the taxonomy of 163899 2003SD220 I combined the visible spec
trum I reduced with the near-infrared one taken within the MIT-UH-IRTF
Joint Campaign survey, and I classified it as a Sr-type. in agreement with
the DeMeo et al. (2014) classification. The spectrum, moderately red in the
0.5-0.75 firn range, show a possible link with H ordinary chondrites. I report
in Fig. 2.6 the comparison with the meteorite H4 Chela.
2. http://smass.mit.edu/cgi-bin/busdemeoclass-cgi
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Within the NEO-SURFACE survey we help recovering the PHA 2012VF37,
observing this object one month after the discovery. The visible spectrum is
sornewhat red, with no prominent features and a possible band at 1 /im typ-
ical of silicate composition. I classified as a possible S/Sq/Sr-type, although
NIR observations are needed to better constrain the taxonomie class. I also
found a good agreement with ordinary chondrites, in particular with the LL
subclass. One of the possible analogues, the LL4 chondrite Soko-Banja, is
shown in Fig. 2.6.
Combining the visible spectrum observed for 277127 2005GW119 with
the infrared spectrum available in the literature (MIT-UH-IRTF Joint Cam-
paign) I classified it as an Sq-type. Ordinary chondrites belonging to the
L class match the observed spectrum, but there is some discrepancy in the
1 firn région, where the meteorite spectra generally lead to underestimating
the observed one. In Fig. 2.7 the spectrum is reported, along with the one
of the ordinary chondrite L5 Tsarev, which is able to better reproduce the
diagnostic spectral feature at 1 \im.
4450 Pan is a PHA discovered in 1987 and yet Iras a little characteri-
zation. Carbognani (2008) computed color indexes typical of a silicate type,
and Warner (2014) computed a rotational period of P = 56.48 h. The spec
trum is characterized by an almost fiat visible slope, although quite noisy;
together with the NIR spectrum taken from the MIT-UH-IRTF survey I clas
sified as a Q-type. The spectrum show also a possible link with H ordinary
chondrites. In particular, in Fig. 2.8 there is a comparison with the meteorite
H5 Olmedilla de Alarcôn, with match the overall spectral behavior and has
the lowest y2 value.
153958 2002AM31 is a binary PHA, with the primary with a rotational
period of P — 26.3 h and the secondary of P ~ 3h (Taylor et al. 2013). The
visible spectrum, quite noisy, is featureless and reddish. Combined together
with the NIR spectrum taken from the MIT-UH-IRTF I classified it as a
Q-type (Fig. 2.8). Other spectra, taken at different rotational phases, are
needed to investigate the possible différence composition of the pair. I found
that the best match from the RELAB database is with the ordinary chondrite
L5 Tsarev. The spectrum of this asteroid is nonetheless in great agreement
with the general spectral behavior of L-chondrites.
The PHA 214869 2007PA8 was the radar target of an observational
campaign from the Deep Space Network Antenna at Goldstone, California.
The radar images indicate that it is an elongated, irregularly shaped object
approximately 1.6 km-wide, with ridges and perhaps craters. The data also
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indicate that 2007PA8 rotâtes very slowly, roughly with a period of P = 85
h. Hicks et al. (2012) through a photometric analysis found 2007PA8 most
compatible with an Xc-type and a deduced size of ~ 3 km. I classified as a
typical Q-type, with a reddish visible spectra and two broad silicate absorp
tion bands, plus a subtle absorption at 1.3 /im, when combined with the NIR
spectrum taken from the MIT-UH-IRTF survey. Assuming an average albedo
of 0.18, typical of Q-types, I also estimated a size of 1.6 km, in agreement
with the results of Goldstone. I found also an association with Ii ordinary
chondrites and specifically with the H6 Andura, shown in Fig. 2.8.
The binary PHA 1994XD was imaged at coarse resolution and relatively
modest S/N at Arecibo in 2005, which revealed the presence of a satellite; the
Arecibo images suggest that the primary is roughly 0.6 km in diameter, with
a rotation period P — 17.975 h, and a secondary with P = 2.7365 h (Warner
2013). I combined our visible spectrum, which is slightly red, with the NIR
spectrum taken from the MIT-UH-IRTF survey and classified as a Sq-type.
The spectrum shows also a good match with H ordinary chondrites. One of
the best meteorite analogue, capable of matching the diagnostic features and
the overall spectral behavior was selected in H5 Barwise, shown in Fig. 2.8.
2010BB is a recently discovered PHA with no characterization at ail. I
observed it at TNG in 2012 and acquired one spectrum in the visible range.
The visible spectrum is very red, with no prominent features and a possible
band at 1 /im. Together with the NIR spectrum observed at IRTF for the
MIT-UH-IRTF survey I classified this object as a Q-type. An association
with H ordinary chondrites was also found. In particular, I show in Fig. 2.8
the match with the H5 Nuevo Mercurio.
NEAs analyzed
I also analyzed scveral unpublished spectra of PHAs and low AV col-
lected by the NEO-SURFACE team in several observational campaigns be-
tween 2004-2007. Krugly et al. (2006) found for 13553 Masaakikoyama
a rotation period of 38 liours. Reddy et al. (2006) observed this asteroid
in the near infrared and found an excess of thermal émission and estimated
an albedo of 0.03 ± 0.01, in agreement with a carbonaceous composition.
They also suggest an association with CV carbonaceous types. The visi
ble spectrum acquired at NTT was combined with the NIR spectrum taken
from the MIT-UH-IRTF Joint Campaign; the final spectrum is fiat without
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any features and with a possible UV drop-off below 0.5 fim, suggesting a
Cg-type classification. On the basis of the analysis of spectral parameters
and the overall spectral behaviour, I found an agreement with CM carbona-
ceous chondrite meteorites (Fig. 2.3). The spectrurn which better mimic the
diagnostic features is the one of the meteorite CM2 Y86695.
Thomas et al. (2011) estimated for the PHA 5011 Ptah an albedo of
0.11. The spectrurn collected from our survey reveals a a possible evidence
for a 1.3 jim-feature, with a broad 1 fim band and a shallower 2 /im band. On
this basis I classified 5011 as a Q-type asteroid, in agreement with DeMeo et
al. (2014) and Thomas et al. (2014), who classified as an S or Q-type. This
object shows a general good agreement with LL-ordinary chondrites (Fig.
2.3). I report in Tab. 2.2 the ordinary chondrite LL4 Greenwell Springs,
which mimicked the spectral behaviour and lias the lowest y2 value.
Oey (2006) found a rotation period of P — (3.0089 ± 0.0001) h for asteroid
85804 1998WQ5, and Mainzer et al. (2011) estimated an albedo of 0.24.
The spectrurn taken within our survey shows a minimum around 0.9 /im
and a shallow band at 2 fim. I classified it as an Sv-type and found general
agreement with the spectral parameters of H ordinary chondrite meteorites.
The spectrurn of the ordinary chondrite H4 Chela reported in Fig. 2.5 is able
to reproduce the general spectral behaviour and to match the band around
0.9 fini.
Thomas et al. (2011) hnd an albedo of 0.19 for 138883 2000YL29 and
suggest an Sq-type classification. The NIR spectrurn observed at TNG is
very red in the 0.9-1.4 //m région, with the presence of a possible absorption
band at 0.9 /rm and another around 2.0 fim. It could be compatible with an
Sr-classification. The observed spectrurn exhibits general agreement with L
ordinary chondrite meteorites. In Fig. 2.5 it is shown with the one of the
ordinary chondrite L6 Bruderheim, which gives the lowest y2 value and is
able to reproduce the general spectral behaviour.
The NIR spectrurn acquired for 145656 4788P-L is somewhat red, and
it shows a possible absorption band at 1.0 /im and another around 1.9 fim.
I classified it as an Sv-type. Comparing this spectrurn with laboratory spec-
tra of meteorites in the RELAB database, a possible link with H ordinary
chondrite meteorites is suggested; in particular, the comparison with the H6
Zhovtnevyi is shown in Fig. 2.5.
The PHA 2004FZ1 was observed in 2004 when the possibility of an
impact with Eartli in 2051-2056 were still rather higli. Our observations
help to better refined the orbit hence eliminate this asteroid from the list of
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possible impactors (D. Perna, pers. comm.). The spectrum shows a deep
0.9 fim band and a shallower 2.0 fim band. with a plausible classification as
Sr or Sv-type. The spectrum show similarities with H ordinary chondrites,
and in Fig. 2.5 I présent it together with the spectrum of the meteorite H4
Chela.
2004TD10 was observed two weeks after the discovery. The spectrum
has a high S/N, but the régions around 1.4 /im and around 1.9 fim were
removed due to the high residuals of atmospheric bands. The S-type nature
of this asteroid is suggested by the two absorption bands: a clear one at
1 /xm, and a shallower one at 2 \im. The spectrum is in general spectral
agreement with L ordinary chondrite meteorites like the L4 Saratov shown
in Fig. 2.5, which is the meteorite analogue that better reproduce the overall
spectral behaviour.
The ExploreNEO survey computed for 143651 2003Q0104 an average
albedo of 0.14 (Thomas et al. 2011) while Warner et al. (2009) calculated
for this PHA an extremely low rotation period P = 114.09 h. The spectrum
taken within our survey show a very red slope in the 0.5-0.7 fim range, and
the presence of a round band at 1 /X7n allow us to classify it as an S-type, in
agreement with the results of several photometric and spectroscopic surveys
(Thomas et al. 2014, DeMeo et al. 2014). The spectrum has also a good
general agreement with L ordinary chondrites. In particular, I selected in
Fig. 2.6 the spectrum of the meteorite L5 Ergheo.
The object 7088 Ishtar is a binary asteroid with a slope parameter G
= 0.24 (Pravec et al. 2012). Reddy et al. (2007) used lightcurve analysis to
obtain an estimate of the synodic orbital period of (20.63T0.02) h. They also
made the assumption that the primary has an a spheroidal shape, giving its
rotation period of P = (2.6786T0.0002) h and a lightcurve amplitude of 0.11
mag. The visible spectrum obtained at NTT is very red until 0.75 \mi and
shows a prominent band around 0.95 /xm, suggesting an Sq or Sr-type clas
sification. However, owing to the binary nature of this asteroid, rotationally
resolved spec.tra obtained in different geometrical view are needed to distin-
guish between possibly different compositions of the pair. I found general
agreement between the observed spectrum and those of ordinary chondrite
meteorites belonging to the L class. In Fig. 2.7 it is shown for comparison
the laboratory spectrum of the L5 ordinary chondrite Knyahinya, which gives
the lowest y2 value and matches the overall spectral behaviour.
The asteroid 20826 2000UV13 has an estimated albedo of 0.18 (Thomas
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et al. 2011) and a rotation period of 12 hours3. The visible spectrum ob-
tained is red until 0.75 jim and shows a possible 0.9 jim band, but infrared
data are needed to confirai it. It could be either classified as an Sq or Sr-
type, confirming the observations of Binzel et al. (2004), who classified it as
belonging to the Sq class. The réflectance spectrum agréés with those of LL
meteorites: a match was found with the LL4 Soko-Banja, whose spectrum is
shown in Fig. 2.7.
Based on images taken during three different nights, Elenin & Molotov
(2012) find a rotation period for 25916 2001CP44 of P— (4.19T 0.01) h
and a light curve amplitude of 0.28 mag. Thomas et al. (2011) computed
an albedo of 0.21. In the visible range this object was observed at NTT
with EMMI, using both the imaging and spectroscopic modes. The photo-
metric data allowed to obtain the colours B - V = (0.819T0.020), V - R =
(0.463T0.013), and V - I = (0.789T0.013). The spectrum shows a moder-
ately red slope. The NIR spectrum was obtained with SofI, and it lias two
absorption features at 1 and 2 /im, which are typical of the silicate asteroids,
yielding an Sq-type classification, in agreement with the results of Thomas et
al. (2011). Meteorites that reproduce the observed spectral behaviour better
are those belonging to the LL group of ordinary chondrites. In particular,
the spectrum of LL4 ordinary chondrite Hamlet is reported in Fig. 2.7.
Within the ExploreNEO survey, Thomas et al. (2011) estimated an un-
usual albedo of 0.471^22 f°r 68359 20010Z13. Two visible spectra were
acquired at NTT forty minutes away from each other. No sign of rotational
variation lias been found: both spectra appear very red until 0.78 jim, and
afterwards there is the 0.9 jim absorption band. Our averaged visible spec-
trum, combined with the NIR data available in the MIT-UH-IRTF Joint
Campaign, confirai the classification as an Sq-type by Thomas et al. (2011).
From the analysis of spectral parameters this asteroid show an analogy with
LL class. In particular, the match obtained with the ordinary chondrite LL4
Hamlet is shown in Fig. 2.7.
99942 Apophis is the best known PHA of this class, due to the fact
that it was the first asteroid to reach a rank higher than one in the Torino
impact hazard scale, which is used to describe the hazard posed by near-Earth
objects based on their impact probability and delivered impact energy in the
case of a collision with our planet (Binzel 2000). Recent measurements lias
however confirmed that the possibility of an impact with our planet is really
3. http://www.asu.cas.cz/ ppravec/newres.txt
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small (Farnocchia et al. 2013). Pravec et al. (2014) estimâtes an albedo
of 0.30 and a rotation period of P = 30.56 h. We acquired two spectra in
the visible range, with show no sign of rotational variation. The spectra
are very red, and combined together with the NIR spectrum taken from the
MIT-UH-IRTF survey resuit in a Sq-type classification, in agreement with
Binzel et al. (2009). I found a possible match with LL ordinary chondrites,
although space-weathering effects could hâve reddened the visible slope and
lowered the depth of the bands. The best meteorite match that mimic the
two diagnostic bands and the overall spectral feature was found in the LL4
chondrite Hamlet (Fig. 2.8).
Mainzer et al. (2011) find an albedo of 0.12 for 142464 2002TC9. The
NIR spectrum obtained at TNG suggests this asteroid is an Sq or Sr-type,
with an absorption band at 1 i±rn but a reddish slope behaviour around 2
fim,. I found general agreement with H ordinary chondrite meteorites, and
in Fig. 2.9 the comparison with the H3 Dhajala is reported, whose spectrum
matches the wavelength position of the diagnostic 1 fim band better.
The PHA 164211 2004JA27 shows a pronounced minimum around 1
/im and a shallower 2 fim band. I classified as a possible Sq/Q-type, in
agreement with the results of DeMeo et al. (2014). The spectrum is in good
agreement with the LL ordinary chondrites. One of the possible analogues
is shown in Fig. 2.9, the LL5 Olivenza, although the 2 fim band of the
chondrite seems deeper than the asteroid one.
The object 164222 2004RN9 has a NIR spectrum that shows absorption
bands around 0.9 fim and 1.9 gm, in agreement with an Sq-type classification.
I found that L ordinary chondrites better match the wavelength position of
the two pyroxene features, as L6 Colby shown for comparison in Fig. 2.9.
Hergenrother & Whiteley (2011) found for PHA 2004RQ10 a rotation
period of P ~ 5.7 h. Our spectrum is characterized by a pronounced minimum
at 0.95 fim and a shallower band at 2 /im. I classified as a possible Sq/Q-
type object. I also found a link with LL ordinary chondrites. One of the
suggested match, the meteorite LL6 Manbhoom, is able to reproduce the
overall spectral behavior (Fig. 2.9), although the réflectance maximum at
1.5 /im is slightly shifted toward longer wavelengths.
Our spectrum for the PIIA 2004TP1 has two short régions at 1.4 and
1.9 jum, suppressed because of atmospheric absorption bands. Nonetheless, I
classified the asteroid as a Q-type, in agreement with the results of DeMeo et
al. (2014). The spectrum has generally a great agreement with LL ordinary
chondrites, and in particular I reported the LL6 Jelica in Fig. 2.9. The
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meteorite spectrum has a good agreement until the local maximum at 1.5
gm, then it underestimates the 2 /im band.
Appendix B
NEAs mineralogy in detail
For 17 targets of my sample of NEAs spectra I managed to perform a
mineralogical analysis, computing parameters derived using the Dunn et al.
(2010) équations: 4 low AV and 13 PHAs.
In Fig. 2.10 25916 2001CP44 is just above the polygonal région defined
by Gaffey et al. (1993) for the ordinary chondrites, near the LL-chondrite
région, and just above the mixing line of olivine-ortopyroxene, as described
in Cloutis et al. (1986). Its values of Fa and Fs are consistent with those
derived by LL ordinary chondrites by Dunn et al. (2010), which give a range
for fayalite between (26 — 32) ±1.3 mol% and between (22 — 26) ±1.4 mol%
for ferrosilite. The relative olivine percentage estimated from BAR. for this
asteroid also agréé with spectrally-derived measurements reported by Dunn
et al. (2010) for LL ordinary chondrites (Fig. 2.12), which give ol/(ol±px)
values in the (0.58 — 0.69) ± 0.03 range, and a spécifie value for the Hamlet
chondrite of 0.59. In conclusion this asteroid could be consistent with an LL
ordinary chondrite, in agreement with the best meteoritic analogue found by
spectral comparison, the LL4 chondrite Hamlet.
The asteroid 85804 1998WQ5 in Fig. 2.10 and in Fig. 2.12 falls just
outside the H-chondrite région. Nevertheless, its pyroxene chemistry is lo-
cated in the range estimated for H chondrites (Fig. 2.11), in agreement with
the meteorite analogue found, the ordinary chondrite H4 Chela. Despite
some inconsistencies among Figs. 2.10, 2.11, and 2.12, this asteroid could be
cohérent with an H chondrite mineralogy.
The BI and the BAR of 164222 2004RN9 place it in the région cor-
responding to L ordinary chondrites (Fig. 2.10). This is in strong agree
ment with the meteoritic analogue found, the L6 ordinary chondrite Colby.
Using the équations for molar contents, I determined olivine and pyroxene
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chemistries consistent with those derived by Dnnn et al. (2010) for L or-
dinary chondrites (i.e. Fa between (21 — 27) ±1.3 mol% and Fs between
(17 — 23) ±1.4 mol%). From the BAR value its estimated composition of
olivine and pyroxene is in agreement with spectrally-derived measurements
reported by Dnnn et al. (2010) for L ordinary chondrites, having a relative
percentage of olivine between (0.54 — 0.62) ± 0.03 (Fig. 2.12). Therefore
this asteroid is consistent with the L ordinary chondrite analogue I found by
spectral comparison.
In Fig. 2.10 2004TD10 is just outside the bounds of the ordinary chon
drites région, in the L chondrites zone, in agreement with the meteoritic ana
logue found, the chondrite L4 Saratov. The olivine and pyroxene chemistries
are consistent with L chondrites values derived by Dunn et al. (2010). The
ol/(ol±px) ratio found for this asteroid also agréés with the Dunn et al.
(2010) measurements for L ordinary chondrites, indicating that our mété
orite analogue found by spectral comparison is indeed a good match.
Asteroid 4450 Pan falls inside the ordinary chondrite région in Fig. 2.10,
being specifically doser to the H-chondrites. Its values of Fa and Fs are
also in agreement with an H-chondrite composition, being along the lower
part of the trend in Fig. 2.11. Finally, its derived olivine/pyroxene ratio is
consistent with H-chondtites, as one can see from Fig. 2.12. I suggest that
the H chondrite I found by spectral match is indeed a good match.
In Fig. 2.10 5011 Ptah located inside the LL-chondritic zone, along the
mixing line of olivine/orthopyroxene composition. From Fig. 2.11 and 2.12
is however strongly inside the LL chondrites région. I am pretty confident to
say that our match found by spectral comparison (LL4 Greenwell Springs)
is confirmed by mineralogy analysis.
99942 Apophis has surely a chondritic mineralogy. However, from the
BI and BAR analysis I found that it has a probable L-chondritic composition
(Fig. 2.10). From Fig. 2.11 its values of Fa and Fs plotted it in the borderline
région between L and LL chondritic material. This resuit is also confirmed
by the olivine/pyroxene ratio analysis (Fig. 2.12), since Apophis in this plot
is in the common région for L and LL-chondrite meteorites. The meteorite
match I hâve found by spectral comparison, the LL4 Hamlet meteorite, could
still be a good match. However, possible effects of space weathering should
be taking into account.
In Fig. 2.10 143651 2003Q0104 located on the edge of the L-chondrite
région, at the limit with the H-chondrite région. Mineralogy analysis from
Dunn et al. (2010) confirais that its values for Fa and Fs are consistent with
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L chondrites. This is also seen in Fig. 2.12, where the asteroid clearly plot
in the L chondrites région. With ail this considered, I confirmed the resuit
found by the meteorite spectral match.
153958 2002AM31 is plotted in Fig. 2.12 in the upper part of the L
chondrites-region, in a zone compatible also with LL chondrites. Applying
the relations found by Dunn et al. (2010) I found instead Fa and Fs values
compatible with an LL chondritic composition. Nonetheless the analysis
from BIC and BAR put this asteroid in the borderline of the L/LL chondrite
région (Fig. 2.10), in agreement with the meteorite match found L5 Tsarev.
This asteroid could be compatible with a L chondrite mineralogy, however a
possible LL chondrite link should not be excluded.
From Fig. 2.10 163899 2003SD220 plot just below the H chondrite
région, along the curve representing the limit of the mixing line for olivine
and orthopyroxene (Cloutis et al. 1986). From Fig. 2.12 its Fa and Fs values
plot within the computed errors in the H chondrite région. Even in Fig. 2.11
its Fa and Fs values are at the limit of the H-region. Nevertheless, giving the
good spectral match found by spectral comparison, I suggest that this PHA
could be compatible with an H chondrite mineralogy.
From Fig. 2.11 and 2.12 164211 2004JA27 is well inside the LL-
chondrite région, at the border with L-chondrites. However, in Fig. 2.10
this asteroid is instead located just outside the OC région, nearby the L-
chondrites zone. A possible link with LL chondrites is suggested, confirming
its meteorite analogue found (the LL5 chondrite Olivenza), although a pos
sible L-chondrite composition is not completely excluded.
From both Fig. 2.11 and 2.12 214869 2007PA8 is strongly consistent
with an H chondrite mineralogy. From BIC and BAR analysis it plots just
on the edge of the H chondrites zone. Considering also its meteorite spectral
match, I am confident to suggest for this asteroid a H chondrite mineralogy.
1994XD show analogies with H chondrite meteorites in Fig. 2.11, having
consistent Fa and Fs values. However, its analyzed values for BIC, BAR
and ol/(ol+px) plotted just outside the H chondrite région. Despite some
small inconsistencies between Fig. 2.10, 2.11 and 2.12 it is possible that the
meteorite resulting from the spectral comparison (the chondrite H5 Barwise)
is indeed a good match.
The computed values of Fa and Fs for 2004FZI place it in the H chon
drite région (Fig. 2.11), in agreement with its best meteorite analogue. From
Fig. 2.10 and 2.12 is also shown that the global analysis is consistent with a
H chondrite analogue. I strongly suggest that this asteroid could represent a
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link with H chondrites.
The analysis for 2004RQ10 is generally in agreement to assign to this
asteroid an LL chondrite mineralogy: its Fa and Fs values (Fig. 2.11) and
olivine ratio (Fig. 2.12) are strongly consistent with the LL chondrites. How-
ever, the BAR value computed put it outside the chondrite région in Fig.
2.10, although the BIC value is consistent with a LL mineralogy. These re-
sults are also in agreement with the meteorite match found, the LL6 chondrite
Manbhoom.
2004TP1 has a olivine/pyroxene ratio and Fa/Fs values plotted in the
LL chondrite région (Fig. 2.12). These results are also conhrmed by Fig.
2.10 and 2.11, with this asteroid having BIC and BAR compatible with LL
chondrites. I confirm the resuit found by spectral match, and establish an
analogy with LL chondrite mineralogy.
In Fig. 2.10 2010BB is located in the H chondrite région, just below
the borderline with L chondrites. Its values of Fa and Fs are also consistent
with an H chondrite mineralogy, together with its olivine/pyroxene ratio (Fig.
2.11 and 2.12). This strengthen the link with the best meteorite class I found
through spectral comparison, the H ordinary chondrites, and in particular
the H5 Nuevo Mercurio shown in Fig. 2.8. It should not be excluded however
a possible L chondrite mineralogy.
Appendix C
Mineralogy in other
quadrangles of Vesta
I was involved in the Mineralogy Task Force of the Dawn Team and I
collaborated to the mineralogical characterization of the other quadrangles,
with a particular attention to the ones neighboring Av. 2 Bellicia and Av.5
Floronia. In what follows I présent some results.
Av.6-7 Gegania and Lucaria
There are three distinguished régions in the Gegania and Lucaria quad
rangles: the northern région, located approximately above 15° N is heavily
cratered and mainly howarditic; the central région is characterized by an eu-
critic composition, which extends in the nearby quadrangle Marcia; finally
the Southern région (below 5° S) is young and smooth and it is well inside the
Rheasilvia basin. The most prominent feature is the Divalia Fossae, an équa
torial trough which extends from 7-11° S latitudes and 10-90° E longitudes.
The compared analysis of band center parameters with the surrounding ma-
terial seems to suggest a similar composition. In addition, no albedo or band
depth variation are observable in correspondence of these troughs. A linear
feature to the Divalia Fossae, although older and shallower, is the Saturna-
lia Fossae. Even in this case there is no mineralogical variations between
the Fossae and the surroundings. From FC observations Lucaria, one of the
three tholi discovered on Vesta seems to hâve a volcanic origin, and for the
presence of dark material and diogenites is more similar to Aricia than to
Brumalia. Is it possible that these two share a common origin, different from
Brumalia tholus.
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Av.8 Marcia
The spectral parameters obtained by VIR in the Marcia quadrangle in-
dicate a région characterized by a strong eucrites/howardites with eucrites
enrichment composition. The whole quadrangle is relatively uniform in terms
of band centres, indicating an analogy with basaltic eucrites. Nonetheless,
while some points are consistent with the HED linear trend, like the bright
material in Marcia (9° N, 189° E) and Eumachia (0° N, 167° E) craters,
there are many points that tend to populate the lower part of the eucritic
box, indicating that for these régions the HED lithological scheme is not fully
consistent. One of the possible reasons for the observed offset is found in the
contamination of carbonaceous impactors: laboratory analysis on mixtures
of pyroxene and carbonaceous chondrites hâve shown that, with an increasing
content of carbonaceous material, BI centres stay essentially fixed while BII
centres are shifted towards longer wavelengths. So, the general interpréta
tion of a larger eucrite composition in the regolith of the équatorial région is
correct, although the effect of carbonaceous mixtures on spectral parameters
could not be neglect. Marcia crater has possibly suffered a different history,
since its depleted in OH. The Marcia quadrangle is relatively young and the
lower concentration of OH can be explained with the removal of the old OH-
rich regolith by the impact.
Av.9 Numisia
The mineralogical composition of Numisia is mostly eucritic, as one can
expect frorn upper crust material. However, the main impact craters Fabia
(16° N, 266° E) and Cornelia (9° S, 226° E) excavated material from beneath,
showing a more howarditic composition. Beside impact craters, the main to
pographie site in this area is the Vestalia Terra an elevated highland that
géologie, spectroscopic and gravimétrie studies imply that was once mag-
matically active. The crater sampling and the mineralogical composition in
the northern slope suggest that Vestalia Terra is more howarditic than eu
critic, compatible with lower crust material. VIR analysis has also shown
that Brumalia tholus has small diogenitie deposits. The Teia impact, hap-
pened later on this Brumalia tholus, has probably sampled some of these
diogenitie material. This could explain the well defined ejecta rays System
with a distinct composition.
Av.10 Oppia
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The central région of the Oppia quadrangle is dominated by an east-west
elongated basin, Feralia Planitia surrounded by elevated cratered terrain in
the north-east and a relatively smooth terrain in the south. From north-west
to sonth east two structural troughs strike: Saturnalia Fossae and Divalia
Fossae. The cratered highlands are the oldest unit in the quadrangle (and
on Vesta) and represent ancient crustal material that was excavated from
the Feralia Planitia basin. These terrains are characterized by low visible ré
flectance and shallow pyroxene bands; using spectral parameters derived by
the VIR Team it appears that these région is dominated by howardite/eucrite
material, while the smoother younger southwestern régions are more eucritic.
The most notable feature of this quadrangle is the Oppia crater (8° S, 309°
E), associated with spectrally distinct ejecta and showing a large composi-
tional variation within crater walls and floors: for instance, pyroxene band
depths are shallower on the floor and stronger in the rim and walls. The
ejecta mantle, which appears dark orange in the Clémentine color composite
map, are mapped as dark mantle material The search of OFl-signature in the
ejecta blanket westwards of Oppia crater has shown that hydrous OH mate
rial are associated with bright mantle material, in contrast with the general
trend that on Vesta hydrated minerais are correlated with dark low-albedo
material, due to impact deliveries from carbonaceous chondrites.
Av. 11 Pinaria
The largest craters in the Av. 11 quadrangle are Pinaria (29° S, 32° E) and
Aquilia (50° S, 41° E), of about 37 km-diameter. This quadrangle contains
part of Matronalia Rupes, a 180 km long scarp that is part of the Southern
rim of the Rheasilvia basin. Spectral différences are seen at some crater
rims, but not along Matronalia Rupes, which has a spectral réflectance that
indicates diogenite-rich material exposed on its steep scarp. The rest of the
quadrangle is however more howarditic/eucritic in composition. Pinaria has
ponded floor material and a more homogeneous composition, while Aquilia
has a smaller crater that caused the collapse of its Southern rim, and a
peculiar yellow rim in the Clémentine color composite map, which suggests a
different composition from the surrounding. One unnamed crater (50° S, 70°
E) on the edge of Matronalia Rupes is interesting, because is surrounded by
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howarditic material but is on the edge of the scarp, which lias the greatest
concentration of diogenite in the quadrangle. Another interesting feature of
the quadrangle is the lack of large OH concentrations and dark spots, which
on Vesta are generally correlated. Tins could constrain the impact conditions
associated with the Rheasilvia basin formation, suggesting tirât the impactor
asteroid was not hydrous or that maybe it was completely destroyed in the
impact, leaving no OH whatsoever.
Av.12 Sextilia
Sextilia is a transit région from the équatorial région in the north to the
impact basin of Rheasilvia near the south pôle. Its mineralogy was heavily
influenced by the Rheasilvia impact, since in the north is mainly covered by
impact breccia ejected during this event. Nonetheless, an increasing amount
of diogenites are found towards the Rheasilvia basin, with local spots of dio
genite material usually associated with fresh impact craters, while the north-
ern part of Sextilia is associated with a more eucrite/howardite composition.
The most interesting feature of the whole quadrangle is the Matronalia Ru-
pes. Other noteworthy impact craters are Mya (50° S, 106° E), which shows
eucritic ejecta but a crater itself dominated by a more diogenite composi
tion; Fonteia (53° S, 142° E) dominated by diogenitic material; Sextilia (39°
S, 146° E) located in the older Veneneia basin, shows no sign of diogenites,
being compatible instead with an eucrite composition. Either the ejecta of
Rheasilvia were excavated asymmetrically, with no ejecta covering the Sex
tilia région, or the local spots of diogenites found represents local intrusions;
these intrusions were probably prevented in the Veneneia basin due to the
different subsurface structure.
Av.13-14 Tuccia and Urbinia
Tuccia and Urbinia quadrangles are located between Rheasilvia and Veneneia
and the Vestalia Terra highlands, the most elevated areas on Vesta, show-
ing a substantial change of topographie reliefs. Tuccia has a quite homoge-
neous composition and shows the highest concentration of diogenitic material
nearby the crater Antonia (59° S, 301° E), while the rest is more similar to
howardites/eucrites. Young impact craters, like Eusebia (42° S, 304° E) and
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Galeria (18° S, 328° E), show diffuse ejecta blankets. In the Urbinia quadran-
gle bright ejecta material is associated with craters Canuleia (34° S, 295° E)
and Justina (34° S, 318° E), showing larger band depths than the surround-
ing material. Another interesting feature is the overall low OH signature,
with the exception of a low-albedo area on the north-west of Tuccia and the
north-east of Urbinia. It is possible that the two major impact events in the
collisional history of Vesta (Rheasilvia and Veneneia) has exposed the more
diogenitic lower crust material and depleted the région of the OH material.
The Oppia ejecta also extend in the north of Urbinia, appearing dark orange
in the Clémentine color composite map and showing a consistent eucrite
composition.
Av. 15 Rheasilvia
The Rheasilvia région is relatively uniform in composition, with mostly
an howarditic mineralogy, and the presence of local spots of diogenites on
the crater walls, more prominent when approaching the south pôle. Two
small craters show instead lithological variations: Tarpeia (70° S, 29° E) has
an eucritic patch along the west side of the crater, with a Fe-rich pyroxene
concentration higher than the surroundings; the rest of the crater shows
instead lithologies similar to the rest of the quadrangle. Severina (75° S,
121° E) is located in a région with a composition ranging from howarditic
to diogenitic, showing on crater’s walls the highest diogenite composition,
similar to what found in Matronalia Rupes. The origin of these unusual
units is still uncleared, however tliey suggest a more complex history and a
possible heterogeneous composition of the crust at these latitudes.
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Appendix E
Résumé en français
L’étude des astéroïdes et des comètes, collectivement connus sous le nom
de petits corps, est aujourd’hui un outil fondamental pour comprendre la
formation et l’évolution du système solaire puisque, selon la théorie la plus
accréditée (Safronov 1979), ils représentent les vestiges des planétésimaux
qui, il y a 4.6 milliards d’années, ont formé le système solaire. Ils ont connu
une vaste évolution dynamique et thermique. Néanmoins, ils contiennent la
mémoire des conditions initiales qui devaient être présentes dans la nébuleuse
solaire primordiale.
Un haut niveau de diversité est présent parmi les propriétés physiques des
petits corps du système solaire, selon leur éloignement du soleil. Les objets
ont des tailles, des formes, des masses, des périodes de rotation, des composi
tions et des structures internes très différentes. La seule manière d’obtenir une
analyse détaillée est de planifier une mission spatiale vers une cible désignée.
Dans les prochaines années plusieurs missions spatiales seront dédiées à la ca
ractérisation physique et au retour d’un échantillon provenant d’un astéroïde
primitif (rendez-vous mission et sample return mission) ou à l’étude de la
nature d’un objet qui pourrait avoir un impact avec notre planète (mitiga
tion mission). On a découvert actuellement plus de 675 000 petits corps,
mais seuls quelques uns seront visités par une mission spatiale.
Dans ce contexte, les observations au sol sont complémentaires aux mis
sions spatiales : la comparaison de la caractérisation physique des cibles spa
tiales obtenues à partir de la Terre et les résultats obtenus in situ fournira
la ground truth pour tous les astéroïdes qui ne seront jamais visités par des
missions spatiales. La connaissance des propriétés physiques des astéroïdes
qui seront visités sera également cruciale pour optimiser la procédure d’ob
servation au cours de la mission, et de planifier des observations spécifiques
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des régions les plus intéressantes de la surface de l’astéroïde. Les observa
tions au sol sont aujourd’hui la seule façon pour agrandir le nombre de petits
corps avec des propriétés physiques connues. Actuellement, moins de 10% de
petits corps ont des propriétés spectrales déterminées depuis la Terre. Pour
ces raisons, des relevés photométriques et spectroscopiques dédiés à la ca
ractérisation de petits corps se développent dans les principaux organismes
de recherche et les agences spatiales.
La caractérisation physique au sol est surtout fondamentale pour le choix
de la cible pour une mission de retour d’échantillons car, pour ce genre de
mission, le coût est très élevé et il dépend de la distance de l’objet choisi.
Les objets primitifs sont préférentiellement choisis aux corps thermiquement
évolués, parce que ces objets devraient contenir des matériaux organiques.
Jusqu’à présent, seule la mission Hayabusa a réussi à rapporter un échantillon
d’un astéroïde sur la Terre. Cependant, l’objectif de la mission Hayabusa
était un astéroïde évolué constitué exclusivement de silicates (type spec
tral S), classe la plus commune parmi les astéroïdes géocroiseurs et ceux de
la ceinture principale intérieure. Des objets primitifs, comme les astéroïdes
carbonés (type C), ou plus évolués, comme les types V, sont considérés
comme des cibles plus intéressantes car ils peuvent encore contenir des traces
de molécules prébiotiques pour nous aider à comprendre les processus de
différenciation dans le système solaire primordial.
Pour ces raisons je me suis concentré pendant mon doctorat sur la ca
ractérisation physique de deux classes de géocroiseurs : i) des objets avec une
éventuelle approche à proximité de la Terre, connus comme les astéroïdes
potentiellement dangereux (PHA) et ii) sur les géocroiseurs facilement acces
sible pour des futures missions spatiales de rendez-vous. Pour les PHA, les pa
ramètres physiques dérivés sont fondamentaux pour estimer la réponse à des
forces non-gravitationnelles (principalement à l’effet Yarkovsky), modéliser
l’évolution dynamique, et évaluer les technologies d’atténuation à utiliser en
cas de risque d’impact avec la Terre. Pour les cibles des missions de rendez-
vous la connaissance des propriétés physiques est nécessaire pour garantir la
faisabilité technique ainsi que la valeur scientifique de la mission.
J’ai choisi, parmi la population des géocroiseurs, d’étudier de potentielles
cibles de missions spatiales en conduisant deux campagnes d’observation au
Telescopio Nazionale Galileo (TNG, La Palma, Espagne), dans le cadre plus
large de la relevé NEO-SURFACE (littp ://www.oa-roma.inaf.it/planet/NEO-
Surface.html), qui est une base de données au sol dédiée à la caractérisation
physique des géocroiseurs. Mon travail sera aussi fondamental pour le deve-
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loppement du projet NEOShield-2 (http ://www.neoshield.net/en/indexditm),
qui est un projet européen dédiée à l’acquisition d’informations sur les petits
géocroiseurs (50 - 300 m) et le développement d’instruments et de technolo
gies pour une mission d’approche de géocroiseurs.
J’ai aussi étudié les propriétés physiques des cibles de la mission Dawn,
Vesta et Cérès. La mission Dawn est actuellement en orbite autour de l’astéroïde
Cérès. Pour fournir la ground truth nécessaire, et chercher des possibles lieux
intéressants à être analysés en détail, j’ai conduit une campagne d’observa
tion spectroscopique au TNG pour caractériser la surface de Cérès. L’extrême
variabilité trouvée sera utile, compte tenu des récentes découvertes d’une
éventuelle activité de dégazage à la surface de Cérès (Kuppers et al. 2014),
et en fonction des observations de Dawn, arrivé en Mars 2015.
Vesta, un astéroïde différencié de 500 km de diamètre, présente une énigme
non résolue. Il a été considéré comme le corps parent du matériel basaltique
(de type V) dans le système solaire. Les récents progrès dans les expériences
de laboratoire et des relevés spectroscopiques sur les objets de type V, présents
partout dans la ceinture principale des astéroïdes, ont souligné que Vesta ne
pouvait pas être à l’origine de tous les objets de type V dans le système
solaire. A cette fin, j’ai analysé les données spectroscopiques dans les ca
naux visibles et proche infrarouge d’un grand échantillon de 115 astéroïdes
de type V. Ces objets ont été groupés en six classes, selon leurs propriétés
dynamiques, et plusieurs paramètres spectraux ont été analysés en détail
pour obtenir la minéralogie de ces objets et établir un possible lien entre leur
composition et Vesta.
Pour caractériser la minéralogie du corps parent supposé des types V j’ai
aussi analysé les données récupérées par la mission Dawn, qui a orbité autour
de Vesta en 2011-2012, et qui a collectionné à peu près 30 millions de spectres
de la surface. En tant que membre de la Task Force minéralogique de l'équipe
de la mission Dawn, j’étais en charge de la caractérisation minéralogique de
deux des 15 quadrilatères dans lesquels la surface de Vesta a été divisé, Bel-
licia et Floronia. Pour mon analyse j’ai utilisé des résultats de la Task Force
géologique, qui ont fourni un contexte utile pour l’interprétation des données
minéralogiques. J’ai aussi utilisé plusieurs cartes développées par l’équipe de
Dawn (position et profondeur de la bande d’absorption à 1 et 2 gm, l’albédo,
la topographie, la composition du OH) pour produire une carte minéralogique
finale pour Bellicia et Floronia. J’ai aussi analysé plusieurs caractéristiques
intéressantes que j’ai découvertes dans les quadrilatères, comme la composi
tion extrême sur le cratère Mamilia, l’extension des ejecta du cratère Rhea-
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silvia et la nature des détections d’olivine trouvées dans les régions nord du
Vesta.
Appendix F
Abstract in italiano
Lo studio degli asteroidi e delle comete, conosciuti collettivamente co
rne corpi minori, é ad oggi uno strumento fondamentale per comprendere la
formazione e l’evoluzione del Sistema Solare dal momento che, secondo la
teoria piü accreditata (Safronov 1979), i corpi minori rappresentano le ve
stigia dei planetesimi che hanno formato il Sistema Solare 4.6 miliardi di
anni fa. Questi oggetti hanno conosciuto una estensiva evoluzione temica e
dinamica. Tuttavia, contengono una traccia delle condizioni iniziali che do-
vevano essere presenti nella nebulosa solare primordiale, aU’inizio délia vita
del nostro sistema planetario.
C’é una estrema diversità nelle proprietà fisiche dei piccoli corpi del siste
ma solare. Gli oggetti hanno grandezze, forme, masse, periodi di rotazione,
composizioni e strutture interne molto diversi. Il solo modo di ottenere una
analisi dettagliata é pertanto quello di pianificare una missione spaziale ver
so un target designato. Nei prossimi anni svariate missioni spaziali saranno
dedicate alla caratterizzazione fisica e al ritorno di un campione proveniente
da un asteroide primitivo (missioni di rendez-vous e missioni di sample re-
turn) o allô studio delle tecnologie necessarie ad evitare che un potenziale
impattatore con la Terra possa creare danni su scala locale o globale (missio
ni di mitigazione). Al momento sono conosciuti più di 675,000 corpi minori,
suddivisi in: oggetti Near-Earth (NEO), Mars-Crossers, asteroidi di fascia
principale, troiani, centauri, oggetti transnettuniani e comete. La maggior
parte di questi non verra mai visitato da una missione spaziale.
In questo contesto le osservazioni da terra sono complementari aile mis
sioni spaziali: il confronto tra la caratterizzazione fisica di oggetti, target di
missioni spaziali, ottenuta da terra e i risultati ottenuti in situ fornisce la
cosiddetta ground truth per tutti quegli oggetti che non saranno mai visitati.
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La conoscenza delle proprietà fisiche dei target di missione é anche cruciale
per ottimizzare le procedure d’osservazione durante la missione, e pianificare
osservazioni di regioni specific.he délia superficie dell’asteroide individuate da
terra. Le osservazioni da terra sono inoltre l’unico modo ad oggi per aumen-
tare il campione di corpi minori che hanno delle proprietà fisiche conosciute,
corne ad esempio periodo di rotazione, albedo, indici di colore, classe tassono-
mica. Attualmente conosciamo queste proprietà per meno del 10% dei corpi
minori. Per questi motivi survey fotometriche e spettroscopiche dedicate alla
caratterizzazione dei piccoli corpi si stanno realizzando sotto l’egida di molti
centri di ricerca e agenzie spaziali.
La caratterizzazione fisica da terra é fondamentale soprattutto per la
scelta del target per una missione di saniple return, dal momento che per
questo tipo di missioni il costo é elevato e dipende dalla distanza dell’oggetto
scelto. Oggetti primitivi sono preferenzialmente scelti a corpi termicamente
più evoluti. poiché questi contengono probabilmente materiali organici. Solo
la missione Hayabusa é riuscita ad oggi a riportare a Terra un campione
prelevato da un asteroide. Tuttavia, l’obiettivo délia missione giapponese
era un asteroide silicato (di tipo S) evoluto, tra i più comuni tra i NEO
e gli asteroidi délia fascia principale interna. Target ben più intéressant!
sono considerati gli oggetti carbonacei (o di tipo C) o oggetti basaltici (di
tipo V): i primi, più primitivi, contengono tracce di molecole prebiotiche e
possono aiutarci a comprendere corne é arrivata la vita sul nostro pianeta;
i secondi, più evoluti, possono aiutarci a meglio comprendere i processi di
differenziazione nel sistema solare primordiale.
Nell’ambito del mio dottorato ho quindi condotto uno studio spettrosco-
pico di possibili target di missioni spaziali, dedicandomi principalmente a
due classi di NEA: i) asteroidi potenzialmente pericolosi (PHA) e ii) oggetti
di basso AV, raggiungibili da una sonda spaziale con una minima spesa di
carburante e una missione di breve durata. Il AV in questione é il cambio
di velocità necessario alla sonda spaziale per passare da un’orbita terrestre
bassa (LEO, Low Earth Orbit) a una nelle vicinanze dell’asteroide-bersaglio,
usando un trasferimento alla Hohmann. Questo parametro puo dare una
misura delLaccessibilità délia missione, pertanto gli asteroidi di basso AV, in
virtù del maggiore payload scientifico e délia minore durata délia missione,
hanno attratto gli interessi di compagnie private e agenzie spaziali. Per que
sti oggetti la conoscenza delle proprietà fisiche é necessaria per garantire sia
la fattibilità che l’elevato ritorno scientifico délia missione. Per i PHA i pa-
rametri fisici derivati sono fondamentali per stimare la risposta dell’asteroide
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aile forze non gravitazionali (principalmente l’effetto Yarkovsky), modellare
la futura evoluzione dinamica e valutare l’utilizzo di tecnologie adatte in caso
di impatto con la Terra.
Durante il mio dottorato ho ridotto e analizzato dati spettroscopici nel
visibile di asteroidi di basso AV, interpretando gli spettri tramite il con-
fronto con campioni meteoritici e studiandone la composizione superficiale
ricercando particolari bande minerali sulla loro superficie. Per gli asteroidi
che esibiscono le bande dell’olivina e del pirossene a 0.9 e 1.9 \im é stato
inoltre calcolato il contenuto molare di fayalite e ferrosilite tramite le rela-
zioni di Dunn et al. (2010). La mia analisi ha confermato un’abbondanza
di oggetti silicati di tipo S tra gli asteroidi di basso delta-V, spiegata dalla
prevalenza di tipi S nelle zone più interne délia fascia principale di asteroidi,
da cui si pensa provenga la maggior parte dei NEA. Survey da spazio, corne
NEOWISE, hanno perô trovato tra i NEA una predominanza di asteroidi
di tipo C, importanti da un punto di vista astrobiologico essendo ricchi di
materiale idrato, elementi organici e forse materiale prebiotico. Gli asteroidi
di tipo C sono di bassa albedo, pertanto per poter osservarne tra gli asteroidi
di basso delta-V le mie osservazioni suggeriscono di andare a caratterizzare
oggetti di più bassa magnitudine.
Nell’ambito délia survey NEO-SURFACE (Near Earth Objects - SURvey
oF Asteroids Close to the Earth) del gruppo di planetologia dell’Osservatorio
Astronomico di Roma, ho condotto due campagne osservative di PHA presso
il Telescopio Nazionale Galileo (TNG) per una durata complessiva di 3 not-
ti, occupandomi sia délia preparazione e deiresecuzione delle osservazioni,
che délia riduzione dei dati spettroscopici visibili ottenuti. Con la mia ana-
lisi, che mostra una prevalenza di tipi S anche tra i PHA, ho incrementato
dell’8% il campione di PHA di cui si hanno informazioni fisiche. Il mio lavoro
sarà inoltre fondamentale nelhambito del progetto NEOShield-2, un proget-
to finanziato dall’Unione Europea e dedicato alPacquisizione di informazioni
sui NEO di piccole dimensioni (50-300 m) e allô sviluppo di strumenti e
tecnologie per una missione di rendez-vous con un NEO.
Nel corso del mio dottorato mi sono inoltre occupato délia caratterizza-
zione fisica dei target délia missione spaziale Dawn, Vesta e Cerere. Dawn
é da poco in orbita attorno a Cerere, e sta iniziando a raccogliere spettri e
immagini ad alta risoluzione délia superficie di questo asteroide. Nonostante
sia il più grande asteroide délia fascia principale, taie da essere diventato
l’unico pianeta nano nella fascia principale, sappiamo ancora poco delle pro-
prietà fisiche di questo corpo. Modelli termofisici suggeriscono per Cerere
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un interno differenziato, con un nucleo di silicati anidri e idrati e un man-
tello ricco d’acqua. Le recenti scoperte di fenomeni di outgassing, simile a
quanto avviene sulle comete, sembrano puntare fortemente sulla presenza di
ghiaccio d’acqua in superficie, sebbene diversi autori in letteratura non siano
d’accordo. Per cercare di risolvere la questione ho condotto due campagne
osservative, prendendo complessivamente sei spettri visibili e due nel vicino
infrarosso, a un mese di distanza. I due set di spettri da me ridotti e analizza-
ti inostrano una variabilità a breve tempo scala, che potrebbe essere dovuta
alla presenza di ghiaccio d’acqua transiente in regioni localizzate délia super
ficie. Per intrepretare questa variabilità ho anche rianalizzato dati presenti
in letteratura, in particolare délia banda a 3 yzm, che é stata interpretata da
diversi autori corne prodotto di minerali idrati e anidri. La mia analisi mi
ha portato a concludere che anche la forma délia banda a 3 fim sia correlata
con la presenza su Cerere di ghiaccio d’acqua.
Vesta, l’altro target délia missione Dawn, é considerato il corpo genitore
del materiale basaltico (di tipo V) nel Sistema Solare. Negli ultimi qua-
rant’anni molti asteroidi basaltici sono stati scoperti all’interno délia fascia
principale di asteroidi con una composizione molto simile a quella dell’aste-
roide Vesta, il più grande asteroide differenziato, e delle meteoriti HED (Ho-
warditi, Eucriti e Diogeniti). La maggior parte di questi oggetti, classificati
spettroscopicamente tipi V (da Vesta), appartengono alla famiglia dinamica
di Vesta (anche detti vestoidi), e si pensa derivino da svariate collisioni loca-
lizzate al polo sud di Vesta. Recenti studi di laboratorio sulle meteoriti HED
e la scoperta di asteroidi di tipo V difficilmente riconducibili alla famiglia
dinamica di Vesta hanno perd messo in crisi il modello classico, port.andoci
a chiedere se tutti gli asteroidi basaltici del sistema solare provengano da
Vesta, o se esistevano altri corpi basaltici di grosse dimensioni che si sono
frammentati nel corso délia vita del Sistema Solare. Al fine di fornire del
le possibili risposte a queste domande, ho analizzato dati spettroscopici nel
visibile e vicino infrarosso di un vasto campione di 115 asteroidi classificati
di tipo V. Ho analizzato in dettaglio i parametri spettrali di questi oggetti,
raggruppati in vestoidi (membri délia famiglia di Vesta), fuggitivi (asteroidi
di tipo V dinamicamente non legati a Vesta), di bassa inclinazione, NEA e
appartenenti aile regioni piu‘ esterne délia fascia principale degli asteroidi
(MOV, Middle and Outer main belt V-types), per risalire alla mineralogia
di questi oggetti e poter stabilire o escludere possibili connessioni e/o ana
logie tra la loro composizione e quella di Vesta. Alla luce delle analisi da
me condotte le classi dinamiche dei NEA e dei MOV presentano parametri
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spettrali anomali. I NEA mostrano un’estrema variazione in tutti i parametri
considerati, che puô essere dovuta a un bilancio tra effetti di irraggiamento
solarc (che tende ad invecchiare le superfici basaltiche) e collisioni (che po-
trebbero far riemergere materiale meno processato e pertanto più “giovane” ).
Per i MOV una relazione genetica tra questi corpi e Vesta sembra piuttosto
improbabile, trovandosi in una zona délia fascia principale dinamicamente
irraggiungibile da Vesta e mostrando parametri spettrali incompatibili con
la superficie di Vesta. Per i MOV l’ipotesi di un corpo genitore differenziato
diverso da Vesta sembra al momento Tipotesi più credibile. Il basso numéro
di MOV scoperti invita perd a prendere queste considerazioni con cautela.
Una campagna osservativa di potenziali MOV é attualmente in corso, e mi
permetterà di affinare i risultati délia mia ricerca.
Per caratterizzare pienamente la mineralogia del supposto corpo genitore
degli asteroidi di tipo V mi sono anche occupato di analizzare i dati otte-
nuti dalla missione Dawn, che ha orbitato attorno a Vesta nel 2011-2012
collezionando 30 milioni di spettri nel visibile e vicino infrarosso (VNIR). In
quanto membro délia task force mineralogica del team Dawn sono stato inca-
ricato délia caratterizzazione mineralogica di due quadrangoli settentrionali
(Bellicia e Floronia) dei 15 in cui é stata suddivisa la superficie di Vesta. Uti-
lizzando i risultati délia task force geologica e mappe prodotte dal team Dawn
(posizione delle bande di assorbimento, albedo, clémentine colors, topografia,
banda dell’OH) ho prodotto due mappe mineralogiche dei quadrangoli Belli
cia e Floronia, che mostrano una litologia prevalentemente howarditica. Ho
anche indagato la composizione di zone particolari délia superficie di questi
quadrangoli: sui bordi del cratere Mamilia ho individuato a poca distanza
la presenza di materiale molto scuro e molto brillante, cosi’ corne materiale
eucritico e diogenitico, mostrando una delle composizioni più estreme del-
Tintera superficie di Vesta. La presenza di olivine vicino al cratere Bellicia
potrebbe essere dovuta a un impatto che ha scavato la crosta e perforato il
mantello olivinico, o a degli ejecta del grande cratere al polo sud (Rheasilvia)
che si pensa abbia originato la famiglia dinamica di Vesta. L’analisi che ho
eseguito sulle mappe composizionali e sul modello di ejecta di Rheasilvia mi
ha portato a concludere che, sebbene esista una traccia di materiale dioge
nitico che da Rheasilvia arriva ai quadrangoli nord, questo non é vero per
Tolivina, portando a credere che Tolivina trovata in Bellicia sia per lo più
endogena.
Nobody said it was easy
No one ever said it would be so hard
Tvn going back to the start
(Coldplay, The Scientist)
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